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FACTORS INFLUENCING THE GROWTH AND SURVIVAL OF 
RHIZOBIA IN HUMUS AND SOIL CULTURES. II! 


By J. F. T. SPENCER? AND J. D. NEwrTon?® 


Abstract 


A study was made of several factors influencing the growth and survival of 
rhizobia in humus and soil cultures. Screw-capped glass jars were more satis- 
factory than the foil-lined cardboard cartons used commercially for packaging of 
seed inoculation cultures because contaminants were excluded and moisture 
retained more effectively. Refrigeration of the cultures reduced water losses 
and proved to be an excellent method of maintaining large numbers of living 
bacteria for a long time. The addition of sucrose to the humus cultures ordin- 
arily produced large increases in numbers of rhizobia, as determined by plate 
counts, and the addition of various inorganic nutrients generally produced 
smaller increases. In general, any particular element stimulated growth only 
if the level of that element in the soil used as a base was below optimum. Nitrate 
and sucrose stimulated growth when either was used alone, but together they 
greatly depressed growth. 


Introduction 


In a good many areas where legumes are grown regularly and soil conditions 
are favorable, inoculation of the seed with cultures of rhizobia suited to the 
crop is unnecessary. However, in places where legumes of the desired 
inoculated group have not been grown before, or where soil conditions are 
unfavorable for the survival of these microorganisms, it is necessary to 
inoculate legume seeds with suitable species of rhizobia to ensure an adequate 
nitrogen supply to the plant. Moreover, it is sometimes possible to introduce 
strains that are more effective than those naturally present in the soil. This 
study was begun to investigate further the factors affecting the survival of 
rhizobia in the humus bases used for seed inoculation, with the end in view 
of producing an improved commercial inoculant. Accordingly, methods of 
packaging and storage were studied, as well as factors influencing growth of 
rhizobia in the culture medium. 


Review of Literature 

Hedlin and Newton (14), in 1948, published the results of an investigation 
carried out to determine the effects of aeration, moisture content, and various 
nutrient salts on the growth of rhizobia in three humus bases and a mineral 
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soil, and this investigation is a continuation of that work. Hence many of 
the papers reviewed in that paper are also pertinent to this work. Fred, 
Baldwin, and McCoy (9) have published an extensive review on root nodule 
bacteria and leguminous plants, covering the work up to 1932 in detail. 


According to Fred, Baldwin, and McCoy (9), Simon (23), in 1907, was the 
first to study the use of moist soil as a base for the growth of root nodule 
bacteria. The superiority of these cultures was such that they soon displaced 
most of the older types then in use. Fellers (8) made a comparative study of 
agar, liquid, and soil and muck cultures, using plate counts and tests of 
nodulation powers. This study showed clearly the superiority of the humus 
cultures. 

Recent work on humus cultures has been concerned largely with the 
behavior of the bacteria in the presence of chemical seed treatments, and 
with the value of mixed cultures containing two or more species of rhizobia. 
Erdman (7) found Spergon to be the only chemical which was not definitely 
fatal to the bacteria. Bauer (3) obtained better results by bulking the culture 
with large amounts of soil, muck, or similar material and sowing it in the 
drill row through the fertilizer attachment of a drill containing the chemically 
treated seed. Kadow, Allison, and Anderson (17) obtained results similar to 
those of Erdman. Further attempts are being made to find satisfactory seed 
disinfectants that will not harm the legume bacteria. 

Hofer’s (16) results indicate that good quality mixed cultures are as effective 
as single strain cultures in effecting nodulation. Bond (5) obtained similar 
results. In pot culture and plot experiments with Alberta soil it was shown 
by Newton and Wyatt (21) that it is sometimes possible to provide more 
effective strains of legume bacteria than those already present in the soil. 

Fred, Baldwin, and McCoy (9) have discussed in great detail the findings 
of numerous workers with respect to the factors affecting the growth and 
survival of rhizobia. In general, the rhizobia are aerobic organisms, nonspore- 
formers, with mineral requirements similar to those of other living organisms. 
Their growth is inhibited by antagonistic substances produced by numerous 
other microorganisms. However, it is significant that in the soil, various 
deleterious agents have much less effect on the rhizobia. 

Burris and Wilson (6) found a maximum rate of respiration at partial 
pressures of oxygen of 0.1 to0.15 atm. However, Konishi et a/. (18) found a 
repression of respiration at oxygen tensions below the normal atmospheric 
level. Spencer (25) measured a definite uptake of oxygen at 30° C. in several 
sterilized soil cultures inoculated with Rhizobium meliloti. The addition of 
plant residues greatly increased oxygen uptake. Hedlin and Newton (14) 
found that the numbers of rhizobia in humus type cultures drop sharply in 
tightly stoppered flasks at room temperature. Newbould (20) found high 
counts in humus cultures after storage in friction-sealed tin plate cans at 5° C. 

Wilson (31) found the growth optimum of rhizobia to be about 28°-30° C. 
The rate of respiration decreased as the temperature approached 40° C. 
However, Gangulee (12) observed that, in the soil, alfalfa bacteria remained 
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alive after seven days’ exposure to a temperature of 50°C. Vass (30) and 
other workers whose work was reviewed by Fred, Baldwin, and McCoy (9) 
found that low temperatures had no adverse effect on the survival of rhizobia. 


While the rhizobia are nonspore-formers, survival in air-dry soil is remark- 
able. Temple (26), Vandecaveye (29), and Giltner and Langworthy (13) all 
remarked on their viability in dry soil. However, the work by Hedlin and 
Newton (14) indicates that large numbers of rhizobia do not survive in dried- 
out humus cultures. 

In general, the rhizobia prefer neutral to alkaline reactions. Thornton (27) 
found that a pH of 6.0 or above was necessary for the survival of Rhizobium 
trifolit in some Florida soils. 

Rhizobia were found to require the same inorganic elements as those needed 
by higher plants. Truesdell (28), Bewley and Hutchinson (4), and Lohnis 
(19) found phosphorus and potassium to be essential. Hills (15) found that 
up to 250 p.p.m. of nitrate nitrogen in the soil stimulated growth of the 
rhizobia. However, Wilson (32) observed that high concentrations of nitrate 
nitrogen prevented nodulation of the host plant. 

Fulmer (11) and Alicante (2) found calcium to be beneficial. More recently, 
Albrecht and McCalla (1) found that calcium, adsorbed on colloidal clay 
supplied with other nutrients, maintained normal growth of rhizobia. 

With respect to antagonistic effects, Fred, Baldwin, and McCoy (9) reviewed 
20 papers dealing with the effects of other microorganisms on the growth of 
rhizobia. In most cases, the effects were much less in soil than in artificial 
media. However, Hedlin and Newton (14) found that the presence of con- 
taminating organisms greatly reduced the numbers of rhizobia in humus 
cultures. 


Materials and Methods 
Three different inoculant bases were used: 


(1) A mixture of equal portions by weight of black loam mineral soil from 
the Soils Department plots near Edmonton with one of two fairly well decom- 
posed subsurface peats, one from high-lime moss peat area near Winterburn 
and one from a sedge peat area in the Breton district. 

(2) A peat — carbon black mixture obtained from Mr. J. A. Robertson of 
Edmonton, who used it as a base for commercial legume inoculants. This 
peat was well decomposed and of fine texture. 

(3) A brown loam soil from an irrigated farm near Lethbridge. 

In the experiments designed to study the effect of various nutrient treat- 
ments on the growth and survival of rhizobia in the bases used, the cultures 
were stored in Erlenmeyer flasks loosely stoppered according to the method 
used by Hedlin and Newton (14). The bases were treated with calcium 
carbonate, magnesium carbonate, dipotassium phosphate, calcium sulphate, 
sucrose, mineral oil, and sodium nitrate, separately or in various combinations. 
In experiments where the suitability of screw-top glass jars as containers was 
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under investigation, the cultures were stored in 8-oz. glass jars of one of two 
types. One was a narrow-mouthed brown glass jar in which the jar was 
plugged with cotton before the cap was put on, and the other was a wide- 
mouthed jar from which the cotton plug was omitted. The cultures stored in 
jars were treated similarly to those stored in Erlenmeyer flasks. In all cases, 
the inoculated bases were weighed into the containers, given the desired 
treatments, made up to 40% of total water-holding capacity, sterilized for the 
length of time specified by Simpson and Newton (24) for the soil used, and 
inoculated with 1 ml. of a suspension of the bacteria grown in a yeast extract — 
sucrose solution, as recommended by Fred and Waksman (10). In general, 
the initial number of bacteria per gram of base was relatively low. 

Pure cultures were used throughout, and the numbers of organisms were 
determined by the plate count method, using the yeast extract sucrose agar 
containing Congo red, recommended by Fred and Waksman (10). 
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PLATE COUNTS (millions per gram) 


TIME (days) 


Fic. 1. Plate counts of Rhizobium leguminosarum in peat — black soil mixture given 
various treatments, sterilized, inoculated, and incubated in Erlenmeyer flasks stoppered with 
cotton, at room temperature. 


1. CaCO; (0.6%) (0.5%) + K:HPO, (0.1%) + CaSO, (0.2%) + sucrose 
0%). 2. CaCO; (0.6 (0.5%) + (0.1%) + CaSO, (0.2%). 


3. CaCOs (0. 6%) + Msc, ) + K:HPO, (0.1%). 4. MgCO; (0.5%). 5. CaCOs 
(0. 6%). 6. No nutrient added 
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Results and Discussion 

The results obtained are presented in Figs. 1 to 6 and in Tables I and II. 
Fig. 1 shows the general trend of change in bacterial population of humus 
culture during the first month. In the peat—black soil mixture, it was 
evident that the base used did not contain optimum amounts of nutrients. 
The lowest numbers of rhizobia were found in the untreated culture base. 
The addition of magnesium carbonate had little effect in increasing the 
numbers of bacteria present. The presence of calcium carbonate was 
associated with a greater increase in numbers of organisms, while addition of 
dipotassium phosphate brought about a much larger increase in the numbers 
of rhizobia in the cultures. Calcium sulphate added to cultures already 
containing calcium carbonate had little effect. When 2% sucrose was added, 
the highest total counts were obtained. However, the increase in numbers of 
rhizobia was not as rapid where sucrose was present. In all cases, there was 
an initial rapid increase in numbers over the original small number of bacteria 
in the inoculum, and a somewhat more gradual decline in numbers to a more 
or less steady state which was found in later experiments to be maintained for 
some time. 

In Fig. 2 are shown the results of an experiment in which dipotassium 
phosphate was added to peat —carbon black mixture. There was a slight 
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Fic. 2. Plate counts of R. leguminosarum in peat — carbon black mixture, given treat- 
ments of K2HPQ,, sterilized, inoculated, and incubated in Erlenmeyer flasks stoppered with 
cotton, at room temperature 


1. 0.1% K:HPO,. 2. 0.4% K:HPO,. 3. No nutrients added. 4. 0.2% K:HPO,. 
5. 0.05% KzHPO,. 


“TDS 
1 


258 


CANADIAN JOURNAL OF BOTANY. VOL. 31 


TABLE I 


PLATE couNTsS OF R. meliloti (W100) IN AN IRRIGATED BROWN SOIL FROM NEAR LETHBRIDGE 
(TREATED WITH DIPOTASSIUM PHOSPHATE), STERILIZED, INOCULATED, AND STORED 

IN ERLENMEYER FLASKS STOPPERED WITH COTTON, HALF AT ROOM 
TEMPERATURE AND HALF AT 3°C. (MILLIONS PER GRAM) 


ec. Room temperature 
Incubation 
time in days 0.2% 0.2% 
nutrients - water loss, nutrients a water loss, 
K.iHPO« KeHPO« 

added gm. added gm. 

0 14.9 14.9 0.0 14.9 14.9 0.0 

9 6.8 16.0 0.2 958.0 754.0 1.0 

51 5.5 16.3 0.9 46.1 60.5 4.4 

86 4.3 3.6 | 55.1 40.7 6.7 

121 2.12 15.9 2.8 1.83 2.40 13.1 

162 0.55 2.31 2.8 1.64 7.46 13.8 

213 5.00 5.42 3.9 0.38 1.49 16.1 

331 0.13 14.0 11.7 0.27 0.84 16.7 

550 1.92 3.05 7.6 1.26 0.07 16.6 


* Total water added = 18 ml. 
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Fic. 3. Plate counts of R. leguminosarum in peat — carbon black mixture, given various 
treatments, sterilized, inoculated, and incubated in clear glass screw-capped 8-oz. jars, at 


room temperature. 


1. CaCO; (0.6%). 


2. No nutrients added. 
4. CaCO; (0.6%) + KzHPO, (0.2%) + sucrose (2.0%). 


3. CaCO; (0.6%) + K2HPO, (0.2%). 


a > 

ang 

= 

a 

—-9 

— 

| \ 

“a 

a 0) 100 200 300 400 
a 

= 


SPENCER AND NEWTON: RHIZOBIA, II. 259 


increase in numbers of rhizobia where the larger amounts of phosphate were 
added to the medium. This base was used for commercial legume inoculation 
cultures, and was found to be very favorable for the growth of rhizobia. 
Addition of various nutrients to it was found to have less effect on the numbers 
of rhizobia present than when the same nutrients were added to other bases. 

Table I gives the results obtained when dipotassium phosphate was added 
to a mineral soil. When the cultures were stored in the refrigerator, the 
numbers of rhizobia present in the soil to which 0.2% dipotassium phosphate 
had been added remained consistently higher than the numbers in the 
untreated soil. When the cultures were stored at room temperature, the 
effect of added phosphate was less noticeable. In the early stages of growth 
there was no stimulatory effect at all. 

The counts obtained when rhizobia were grown in peat — carbon black 
mixture and stored in screw-top jars are given in Fig. 3 and Fig. 4. 

In Fig. 3, the cultures were held at room temperature. There was a very 
large initial increase in numbers, followed by a rapid drop, until the numbers 
of bacteria were all below 1000 million per gm. after 100 days. After 100 days 
there was generally a fairly steady gradual decline in numbers until the end 
of the experiment after 400 days. The numbers were still about 10 millions 
per gram at that time. 

Results obtained from cultures in jars stored at 3° C. are shown in Fig. 4. 
The trend of the numbers of bacteria in the cultures was entirely different. 
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Fic. 4. Plate counts of R. leguminosarum in peat — carbon black mixture, given various 
treatments, sterilized, inoculated, and incubated in clear glass screw-capped jars at 3° C. 

1. No nutrients added. 2. CaCO; (0.6%) + K2HPO, (0.2%) + sucrose (2:0%). 
3. CaCO; (0.6%). 4. CaCO; (0.6%) + K:HPO,; (0.2%). 
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Instead of an immediate rapid rise in the numbers of rhizobia present, the 
numbers remained low until after 100 days, when in three of the four cultures 
an increase in numbers took place. The subsequent decline in numbers of 
organisms was much slower, and, after 400 days, at the end of the experiment, 
the numbers were still in the neighborhood of 500 millions per gram. Neither 
in the cultures held at 3° C. nor in those held at room temperature was any 
beneficial effect obtained by the addition of nutrients to the peat — eames 
black mixture. 

Previous unpublished experiments had shown that the addition of sucrose 
to a peat — black soil mixture did not give the expected rise in numbers of 
rhizobia. The culture medium was found to be fairly high in nitrate nitrogen, 
so an experiment was set up in which fairly large amounts of nitrate nitrogen 
and sucrose were added to the base. The results obtained are given in Fig. 5. 
Where no nitrates were added, there was an initial large increase in numbers 
and a rapid decline. When nitrates were added, the initial increase in numbers 
was not so great, but the numbers fell to a level near that of the untreated 
cultures. Where sucrose was added together with nitrate, the numbers of 
bacteria present were much smaller. This phenomenon was investigated 
further, and the results are shown in Table IT. 


or 
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TIME (doys) 


Fic. 5. Plate counts of R. leguminosarum in peat — black soil mixture (given treatments 
of sodium nitrate and sucrose), sterilized, inoculated, and incubated in 8-oz. brown screw- 
capped glass jars plugged with cotton below the cap, at room temperature. 

1. 500 p.p.m. nitrate nitrogen added. 2. No nutrients added. 3. 250 p.p.m. nitrate 
nitrogen added. 4. 500 p.p.m. nitrate nitrogen and 2% sucrose added. 


¢ 
j 800 
600 
400 
| 
200 
600 
4 
400 
200 
q ° 50 150 250 350 
3 


261 


II, 


RHIZOBIA. 


SPENCER AND NEWTON. 


OF = pappD 1040.1 


8° er O'TLT 0°0 6°07 6°0 6°17 

| O° 0°0 0°0 8°97 0° 082 0° LEZ 

peppe peppe peppe peppe peppe peppe 

asoions asoions asoions aso1ons peppe pappe ‘oun 
‘sso] + %S0'°0 + %SL°0 + + + %1'0 + N-‘ON 
| N—‘ON N—'ON N-*ON | “wrd-d 00s oN 

‘u'd'd ggg | | ‘urd'd gos | ggg | gos | gos 


(KV4D SNOITIIW) NOLLOD HLIM SUSVT4 


UAAAWNATAY NI AMNLVAAMWAL LV GALVANONI GNV ‘GALVINOONI ‘(asoudns 
ANV ‘ALVHdSOHd WAISSVLOdIG ‘ALVULIN WAIGOS AO SLNAWLVAUNL NAAID) AMALXIW TIOS — LVad NI AO SINNOD ALVIg 


Il ATAVL 


aor 


262 CANADIAN JOURNAL OF BOTANY. VOL. 31 


In Table II it may be seen that the presence of nitrate alone, or nitrate and 
very small amount of sucrose, had no consistent inhibitory effect on the 
growth and survival of the rhizobia in the peat — black soil mixture. When 
more than 0.25% sucrose was added to the cultures to which 500 p.p.m. 
nitrate nitrogen had been added, the numbers of rhizobia present were 
sharply reduced. 

Further investigation is required to find the reason for this effect. Hills (15) 
had found that the presence of 500-1000 p.p.m. of nitrate nitrogen in a soil 
culture medium depressed the growth of rhizobia, and it was thought that the 
presence of an easily available energy source might stimulate the growth of 
the bacteria. However, it was found that in the presence of all but the 
lowest concentrations of sucrose the growth of the bacteria was greatly 
repressed in cultures containing 500 p.p.m. of nitrate nitrogen. Dilutions as 
low as 1 in 500 (the dilution most commonly used in this work was one in five 
million) frequently failed to find any living rhizobia. The possibility that 
toxic quantities of nitrite may be produced from nitrate on utilization of 
sucrose by rhizobia should be investigated. In experiments with rhizobia 
Pohlman (22) observed that culture solutions containing nitrates showed an 
increase in nitrites and suggested that the nitrites were probably produced 


AVERAGE WATER LOSS (Percent of Tota! Added) 


° 100 200 300 400 


TIME (days) 


Fic. 6. Average water loss of cultures as per cent of total water added. Each point 
represents the average water loss of all cultures counted at one time in that experiment. 


. Water loss of cultures in Fig. 1 (peat - black soil mixture at room temperature). 
. Water loss of cultures in Fig. 2 (peat - carbon black mixture at room temperature). 
. Water loss of cultures in Fig. 2 (peat - carbon black mixture at room temperature). 
. Water loss of cultures in Fig. 5 (peat — black soil mixture at room temperature). 
. Water loss of cultures in Fig. 4 (peat —- carbon black mixture at 3° C.). 
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during the utilization of the nitrates. In practice it is evidently important to 
control the level of nitrate nitrogen in the culture medium when making up 
commercial cultures. 

Water losses, expressed as percentage of total water added, are shown in 
Fig. 6. Curves 3, 4, and 5 are from experiments in screw-top glass jars, 
while Curves 1 and 2 are from experiments in Erlenmeyer flasks. Curve No. 5 
is from an experiment in jars stored at 3°C. It may be seen that the water 
loss is much less than in the cultures stored at room temperature. Similarly 
reduced water loss at low temperatures may be seen in Table I. The numbers 
of rhizobia in the cultures decrease as the water loss rises, and where the water 
loss is less, as in the refrigerated cultures, the decline in numbers of rhizobia 
is slower. 


It was found that ordinary screw-capped glass jars were entirely satisfactory 
as containers for soil cultures of rhizobia. Even when the rhizobia were 
added initially in small numbers, as in the above experiments, growth was 
good, and the numbers of rhizobia quickly reached a very high level. Ina 
good humus base, containing optimum amounts of nutrients, and in con- 
junction with low temperature storage, it was easily possible to maintain 
large numbers of rhizobia in the cultures for well over a year. 
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STUDIES ON THE ANAEROBIC DISSIMILATION OF GLUCOSE 
BY BACILLUS SUBTILIS (FORD’S TYPE)! 


By A. C. NEISH 


Abstract 


Bacillus subtilis (Ford's type) was able to fix only 3% of the NaHCO; added 
during anaerobic dissimilation of glucose, under conditions where Serratia 
marcescens and Aerobacter aerogenes fixed 38% and 54% respectively. The 
carbon-14 was found mainly in succinic acid, lactic acid carboxyl, and formic 
acid, in decreasing order of specific activity. Similar experiments with labelled 
formate showed it to be relatively inert, most of it being recovered unchanged. 
Acetate was readily metabolized by B. subtilis during the fermentation of 
glucose with a marked increase in the amount of 2,3-butanediol and ethanol 
formed, while the amount of glycerol was decreased to less than one-tenth of 
the normal value. Experiments with CH;C“OONa proved that the acetate was 
reduced to ethanol, only traces of acetate carbon being found in 2,3-butanediol 
or lactic acid. Fermtentation of glucose-1-C™ gave 2,3-butanediol and lactic 
acid labelled in the methyl groups and glycerol labelled mainly in the primary 
alcohol groups; only a small part of the carbon-14 being found in carbon dioxide. 


Introduction 


The classical Embden-Meyerhof scheme for the dissimilation of hexoses in 
muscle tissue and yeast has also been found to operate, at least in part, in 
numerous other types of living cells. However there have recently been 
reports that glucose can be split in unexpected ways by Leuconostoc mesen- 
teroides (4, 8) and Pseudomonas saccharophila (5). It appears that a comparison 
of the mechanisms existing for the metabolism of glucose by various bacteria 
would be of great interest. 

This paper deals with tracer experiments on the anaerobic dissimilation of 
glucose by Bacillus subtilis (Ford’s type). This organism forms a variety of 
products thus making it possible to study the simultaneous formation of 
2,3-butanediol, glycerol, ethanol, carbon dioxide, lactic acid, and other acids 
in the same system (2). Studies have been made of the fate of carbon-14 
labelled bicarbonate, formate, or acetate in glucose solutions undergoing 
anaerobic dissimilation by B. subtilis. In addition the products formed from 
glucose-1-C'™ have been examined. 


Experimental 


Preparation of Labelled Compounds 


The carboxyl-labelled acetate was prepared by carboxylation of CH;Mgl 
by CO,; the formate by hydrogenation of NaHCO; (24); the glucose-1-C™ 
by the addition of KC™N to p-arabinose (9). 


Fermentations 


The strain of Bacillus subtilis used in this investigation is a Ford type 
organism used in previous work (2). It is designated B-453 in the culture 


1 Manuscript received January 16, 1953. 
Contribution from the National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Sask. Issued as N.R.C. No. 2975. 
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collection maintained in this laboratory. The strains of Aerobacter aerogenes 
and Serratia marcescens are numbered R-4 and S-2 respectively. 

Rapid fermentations were obtained by using a concentrated suspension of 
cells, prepared from bacteria grown overnight under aerobic conditions on a 
rotary shaker. The medium used for this purpose was made aseptically by 
mixing the following previously sterilized solutions; (a) 100 ml. of 4% glucose, 
(b) 50 ml. of 2% Difco yeast extract, and (c) 50 ml. of 0.1 W potassium 
phosphate (pH 6.3). After inoculation with 2 ml. of spore inoculum and 
incubation for 16 hr. at 40° C. on the shaker, the cells were centrifuged out 
with precautions to prevent contamination, and suspended in 12-14 ml. of a 
medium made by mixing 10 ml. of 10% MgNH,PO, . 6H.O (suspension) with 
10 ml. of 2% yeast extract and 5 ml. of water containing 0.016% bromocresol 
purple (or cresol red) as the sodium salt. Each of the components of this 
medium were also sterilized separately. 

Ten milliliters of the suspension thus obtained was transferred to the 
fermentation flask shown in Fig. 1, and 1 ml. was sét aside for analysis to 
determine the initial glucose content. The flask was evacuated and filled 
with purified nitrogen three times, the final pressure being adjusted to 0.8 
atmospheres. It was then transferred to a constant temperature bath after 


Fic. 1. Fermentation flask. This is a 500 ml. Erlenmeyer flask, B, fitted with a 2 mm. 
bore stopcock, A, and a side arm, C, of 8 mm. diam. tubing closed by a serum bottle cap. 


Fic. 2. Cell for electrolysis of acetate. Pyrex tube, C, 14 mm. diam., joined to an 8 mm. 
diam. tube, F. The electrodes, A, are made from 16 gauge platinum wire, flattened at the 
ends to give 0.5 cm.? of electrode area immersed when the cell contains 0.5 ml. of liquid. 
The wires are held in the rubber stopper, B, which forms a gas-tight seal. The gas inlet tube 
(not labelled) and the gas outiet tube, D, are 8 mm. diam. The serum bottle cap, E, permits 
injection of acid while cell is being flushed. 
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first injecting any solution of radioactive material, aseptically, through the 
serum bottle cap from a syringe equipped with a 24 gauge stainless steel 
needle. The color of the indicator was observed at 5-10 min. intervals and 
0.01-0.03 ml. portions of 1N-3N sodium hydroxide injected as required 
using a 0.25 ml. syringe. In this way the pH was controlled within about 
0.3-0.4 units of the center of the range of the indicator employed. The 
buffering action of the magnesium ammonium phosphate greatly aids in this 
process, particularly in the range pH 6-7. The end of the fermentation was 
shown by cessation of acid formation. 


Preliminary Fractionation of Products 

When the fermentation was finished 1.5 ml. of 5N hydro-chloric acid was 
injected into the still-sealed flask to decompose carbonates. The flask was 
then connected to a bead tower charged with 20 m.e. of ‘‘carbonate-free”’ 
sodium hydroxide, the stopcock opened, a gentle suction applied to the tower, 
and the serum bottle cap pierced by a 22 gauge stainless steel syringe-needle to 
allow a current of air to sweep the carbon dioxide from flask into the alkali. 
The needle was connected by rubber tubing to an alkali-filled bubbler and 
soda-lime tower to free the incoming air of carbon dioxide. The sweeping was 
continued to 35-40 min. at the rate of about three bubbles per second, with 
occasional shaking. The alkali containing the fermentation carbon dioxide 
was then made to 100 ml. and aliquots analyzed by precipitation as barium 
carbonate. 

The solution in the fermentation flask was neutralized by 5N sodium 
hydroxide, treated with 2 ml. of 25% ZnSO;,.7H:O, and then with an 
equivalent amount of N sodium hydroxide to precipitate zinc hydroxide. 
The mixture was adjusted to 40 ml. and centrifuged. The clear supernatant 
liquid was decanted and stored. The precipitate was washed twice with 
30-ml. portions of water, the washings being discarded, and then dried in a 
tared beaker by evaporation, first on a steam bath and then in a vacuum 
desiccator. A known aliquot of the residue thus obtained was oxidized by 
the Van Slyke combustion fluid (13, 26) to determine the amount of carbon 
and activity in the cells. An 0.5-1.0 ml. aliquot of the cleared solution was 
also oxidized in a similar fashion to determine the total carbon and carbon-14 
in the soluble fermentation products. In both cases the carbon dioxide 
obtained by combustion was precipitated as barium carbonate. Both the 
cell carbon and the solution probably include carbon from certain components 
of the yeast extract. 

A 1 ml. aliquot of the cleared solution was diluted to 10 ml. and analyzed 
for glucose, 2,3-butanediol, and glycerol (13). Twenty-five milliliters of the 
cleared solution was distilled to give 10 ml. of an ethanol fraction. The 
residue was then fractionated by continuous extraction with ether into a 
“diol fraction’, and “‘acid fraction”’, and a ‘‘glycerol fraction’”’ as previously 


described (13). 
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Measurement of Carbon-14 in Ethanol 


The ethanol was concentrated by distillation through a short column packed 
with glass helices to give 2 ml. of solution; 0.5 ml. of this was chromato- 
graphed to determine the true ethanol content (15) and the remainder treated 
with sufficient nonlabelled ethanol to give about 80 mgm. of alcohol. This 
solution was then treated with 1 ml. of 5N sodium hydroxide and 0.46 gm. 
of 3,5-dinitrobenzoyl chloride. After mixing for 5-10 min. the solid was 
filtered out, washed with water, dissolved in a small volume of hot pyridine, 
and precipitated by addition of water. It was then mounted by filtration 
and its activity determined as described later. One recrystallization was 
sufficient to give a constant specific activity and the correct melting point for 
ethyl-3, 5-dinitrobenzoate. 


Measurement of Carbon-14 in 2,3-Butanediol 


The diol fraction was made to 5 ml. with water after removal of ether and 
2 ml. chromatographed on a Celite-water column using the technique 
previously described (13, 14) but with a column five times the diameter to 
permit purification of quantities up to0.5 mM. The column was developed 
with ethyl acetate, the diol being obtained in the fraction between 100-175 ml.; 
this fraction was mixed with an equal volume of water and the solvent removed 
by distillation through a short column packed with glass helices until only 
approximately 20 ml. remained in the boiler. This aqueous residue was 
treated with periodic acid to convert the 2,3-butanediol to acetaldehyde which 
was distilled into an excess of 0.5% 2,4-dinitrophenylhydrazine in dilute 
hydrochloric acid. The hydrazone was filtered out, washed with water, 
weighed, and its activity determined. It was recrystallized to constant 
specific activity from ethanol; once was sufficient. 


Measurement of Carbon-14 in Glycerol 


The glycerol fraction was neutralized by N sodium hydroxide and con- 
centrated on a steam bath until crystallization of salts started. The salts 
were then precipitated by addition of ethanol, filtered out, and the filtrate 
evaporated to dryness. The residue was transferred to a Celite-water column 
using 2 ml. of water and the column developed with a mixture of one volume 
of benzene with three volumes of benzene n-butanol (13,14). The column was 
the same size as that described above for purification of 2,3-butanediol. The 
glycerol was obtained in the fraction between 200-450 ml.; this purification 
ensures separation of glycerol from any residual glucose. The fraction con- 
taining the glycerol was mixed with an equal volume of water and distilled 
through a short column of glass helices until about 20 ml. was left in the 
boiler. This residue was treated with periodic acid to convert the glycerol 
to formaldehyde (from the —CH:,OH groups) and formic acid (from the 
—CHOH-— group). Both of these products were distilled with water into 
a flask containing a dimedon solution. The formal—dimedon precipitated and 
was filtered off, washed with water, and its activity determined. The filtrate 
was treated with mercuric oxide and phosphoric acid (20, 28) and refluxed 
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90 min. to convert the formic acid to carbon dioxide which was swept out 
continuously into alkali by a stream of carbon-dioxide-free air, precipitated 
as barium carbonate and its activity determined. Control experiments with 
glycerol solutions of known concentration have shown that about 96% of 
the formaldehyde and 92% of the formic acid were recovered and that the 
mercuric oxide did not oxidize formaldehyde, or dimedon, to carbon dioxide. 
However experiments with a sample of D-glucitol-1-C'* have shown that a 
little formaldehyde (about 1 part in 70) is oxidized to formic acid during 
distillation from the periodic acid solution. A correction was made for this. 


Measurement of Carbon-14 in the Organic Acids 

The organic acid fraction was titrated with standard sodium hydroxide, 
evaporated to dryness on a steam bath, dissolved in 2 ml. of 0.52N hydro- 
chloric acid per m.e., and 1 ml. chromatographed to get butyric, acetic, formic, 
succinic, and lactic acid fractions. The column was packed with Mallinckrodt’s 
silicic acid “‘specially prepared for chromatography by the method of Ramsey 
and Patterson”. Fifteen grams of this material was mixed with 10 ml. of 
0.01N hydrochloric acid, slurried in chloroform and packed in a 22 mm. 
(inside diameter) tube, as previously described for smaller tubes (12), with a 
2 gm. layer of ‘‘dry”’ silicic acid on top (13). The column was developed with 
chloroform and benzene—butanol mixtures as in the small-scale analytical 
procedure using an indicator stream (12). Each fraction was titrated with 
standard alkali and evaporated to dryness on a steam bath. The lactic acid 
was oxidized by permanganate to acetaldehyde and carbon dioxide (6), which 
were precipitated as the 2,4-dinitrophenylhydrazone and barium carbonate, 
respectively, and their activity determined. The formate was converted to 
the p-bromophenacyl ester (7, 18) after addition of a known proportion of 
carrier when necessary. It was counted in this form. The acetate was 
counted as the p-phenylphenacyl ester. The succinate was freed from any 
traces of lactic acid by permanganate oxidation, extracted and purified by 
chromatography again, precipitated as the silver salt (11) after addition of a 
known amount of carrier, and the silver salt converted to barium carbonate, 
using the Van Slyke combustion fluid (13, 26). 


Degradation of Acetaldehyde 2,4-Dinitrophenylhydrazone 

This derivative was obtained from both 2,3-butanediol and lactic acid. In 
some experiments it was necessary to decompose it in order to recover the 
acetaldehyde for further degradation. This was accomplished by refluxing 
the hydrazone (50-100 mgm.) with 100 ml. of 0.005N sulphuric acid contain- 
ing 2% of glucose, until solution was practically complete (1.5-2 hr.). The 
acetaldehyde released was swept through the reflux condenser by a continuous 
stream of air into a flask containing 1 m.e. of sodium dichromate in 40 ml. of 
19N sulphuric acid. The aldehyde was oxidized to acetic acid, at room 
temperature, as it was absorbed from the air stream. The acetic acid was 


: 
> 


270 CANADIAN JOURNAL OF BOTANY. VOL. 31 


removed from the oxidation mixture by adding 40 ml. of water and distilling 
it over, three times. The combined distillates were titrated with sodium or 
barium hydroxide. The over-all recovery was about 95%. 

The acetate thus obtained was degraded in two ways; i.e. by pyrolysis of 
the barium salt in a stream of nitrogen at 525° C. (1) or by a Kolbe electrolysis 
to carbon dioxide and ethane. The electrolytic method is the most convenient 
for measuring the activity of the methyl groups. Since other workers have 
reported poor yields (1) this method is described in detail. The cell used is 
shown in Fig. 2. It was arranged so the gas generated during electrolysis was 
carried by a stream of carbon-dioxide-free air, in sequence, through a bead 
tower, a tube packed with cupric oxide wire at red heat, and then another 
bead tower. The towers were charged with excess sodium hydroxide; the 
first caught the carbon dioxide formed by electrolysis and the second that 
formed by combustion of the ethane. 

The active sodium acetate solution (0.3-0.5 m.e.) obtained by degradation 
of the dinitrophenylhydrazone was evaporated to dryness on a steam bath 
and dissolved in 1 ml. of inactive normal acetic acid, the amount of isotopic 
dilution being accurately known. A 0.5 ml. aliquot of this solution was put 
in the electrolysis cell which was then immersed in an ice-water bath. The 
air stream was started and a direct current of 1 amp. per sq. cm. applied for 
one hour. After the current was stopped 5 m.e. of dilute sulphuric acid was 
added to the cell through the serum bottle cap and the air stream allowed to 
continue 15 min. more. The carbonate in each bead tower was then preci- 
pitated as barium carbonate and its weight and activity determined. 

These conditions convert practically all the acetate carbon to carbonate; 
however the carbon recovered as electrolytic carbon dioxide was 1.3-1.8 
times that from the ethane. Obviously the carboxyl carbon was heavily 
contaminated with methyl carbon. Experiments with carboxyl labelled 
acetate showed that the reverse was not true; there was no sign of activity 
in the barium carbonate from the second tower when 1% of that used could 
have been detected. This procedure gives a direct measurement of the 
activity of the methyl carbon. The activity of the carboxyl can be calculated 
from the activity of the acetaldehyde hydrazone or from the activity of the 
carbonate obtained in the first tower after correcting tor the methyl carbon 
present. These calculations may be rather inaccurate if the activity is 
mainly in the methyl group; in this case it is better to degrade another aliquot 
by pyrolysis to measure the activity of the carboxyl group directly. This 
was done to get the results reported in this paper. | 


Measurement of Specific Activities 

Carbonate precipitated as barium carbonate was mounted by suction 
filtration on disks of Whatman No. 3 filter paper, washed with alcohol and 
ether, dried on the filter, and then counted in a proportional counter of the 
windowless type. Crystalline organic compounds were mounted in a similar 
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fashion. The apparatus used (19) gave flat mounts which were easily 
handled provided the precipitate was coherent. The error in mounting was 
about 3-4%. 

The results were expressed as microcuries per gram of carbon since this 
put the decimal point in a convenient place and made comparisons of specific 
activities easy. Most measurements were made with “infinitely thick’’ 
samples; if not the results were corrected to the “infinite thickness’’ value. 
The results were then divided by a factor (about 10,000 under the condi- 
tions used) to convert counts per minute to microcuries per gram. The 
factor used is somewhat arbitrary since an absolute standard for carbon-14 
was not available. It was based on a ‘‘one millicurie’’ sample of sodium 
carbonate obtained from Chalk River. The background of the counter 
(which was corrected for in each case) corresponded to an “‘infinitely thick” 
sample containing 0.005 wc. per gram. All results were calculated on a 
carrier-free basis. 


Results 


A series of experiments were first conducted on the effect of adding sub- 
stances, known to be end products of the B. subtilis fermentation. The most 
interesting results were obtained with acetate (see Table I). Compared to 
the control, the acetate-treated fermentation gave more 2,3-butanediol and 
ethanol, less lactic acid, and much less glycerol. Formate had an entirely 
different effect, increasing the yield of lactic acid and decreasing the amount 
of diol formed. Furthermore, acetate was beneficial in speeding up the 


TABLE I 


EFFECT OF ACETATE AND FORMATE ON THE DISSIMILATION OF GLUCOSE BY Bacillus subtilis 


Fermentations were run at 35° C, in an atmosphere of purified nitrogen in a closed system. 
Each flask contained about 1100 ml. of gas and 15 ml. of liquid medium. The medium con- 
tained 3 mM. of calcium carbonate, 4.31 mM. of glucose, and 0.5% yeast extract. Sodium 
acetate (1.96 mM.) or sodium formate (2.00.mM.) was added as indicated. The flasks were 
inoculated with 1 ml. of a suspension of spores. 


mM. per 100 mM. of glucose dissimilated 
Product 
Control Acetate added Formate added 

2,3-Butanediol 52.0 85.9 40.2 
Acetoin 1.40 0.48 1.07 
Ethanol 14.0 47.3 19.0 
Glycerol 33.5 2.62 21.8 
Acetic acid 1.10 8.08 1.21 
Formic acid 6.06 6.63 72.5 
Succinic acid 2 2 1.50 6.54 
Lactic acid ‘ 35.4 11.02 81.1 
Carbon dioxide 102.5 167.0 85.5 
Fermentation time (days) 4 3 5 
Per cent sugar dissimilated 88.0 98.0 63.6 
Per cent carbon recovered 94.4 98.0 104.2 
O/R index 0.96 0.96 0.97 
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TABLE II 
DISSIMILATION OF GLUCOSE BY B. subtilis IN PRESENCE OF NaHCO; 
The experiment was run anaerobically at 35° C. using 10 ml. of a concentrated suspension 
of cells: The pH was controlled visually at the bromocresol purple end point (about 6) or at 


the cresol red end point (about 8). Approximately 50 yc. (0.025 mM.) of NaHCO; was 
injected. Fermentation time was four hours. 


Millimoles Microcuries per gm. of carbon 
Product 
pH near 6 pH near 8 pH near 6 pH near 8 

Initial glucose 2.76 2.91 
Final glucose 0.07 0.07 — — 
Cell carbon 4.44 3.43 13.0 27.8 
Carbon dioxide 3.72 1221 1897 
2,3-Butanediol 1.60 0.87 Nil Nil 
Glycerol CH,OH- Nil 0.03 
Glycerol -CHOH- 0.96 0.39 0.07 0.07 
Acetic acid 0.03 0.07 0.42 0.91 
Formic acid 0.03 | 0.11 9.06 13.9 
Succinic acid 0.01 0.02 41.7 67.2 
Lactic acid -COOH 0.93 2.76 14.41 32.6 
Lactic acid CH;CHOH- oa — Nil 0.04 


fermentation while formate had the opposite effect. These results suggested 
similar experiments using products labelled with carbon-14 as a means of 
gaining more information about the metabolism of this organism. 


The first tracer experiments were on the fixation of labelled carbon dioxide 
during the anaerobic fermentation of glucose (Table II). Some fixation 
occurred, mainly in the succinic acid, lactic acid, and formic acid. The 
labelled carbon in lactic acid was practically all in the carboxyl group. The 
quantity of succinic acid formed was too small for degradation so the results 
in Table II are expressed as the average of all the carbons. It is probable, 
judging from all previous work on carbon dioxide fixation, that the activity 
in succinic acid is also concentrated in the carboxyls which would then have 
twice the specific activities given. The marked effect of the pH of the medium 
is shown by the results in this table; over five times as much carbon was 
fixed when the pH was near eight as when it was near six. This was partly 
due to the higher specific activity of the acids and partly due to the greater 
quantities formed. 


Bacillus subtilis was found to have relatively weak powers of carbon dioxide 
fixation compared to Aerobacter aerogenes and Serratia marcescens. Under 
similar conditions the latter organisms fixed more than 10 times as much 
carbon dioxide carbon as B. subtilis (Table III). 


Sodium formate was metabolized rather slowly by B. subtilis, even in the 
presence of glucose (see Table IV). A moderate amount was converted to 
carbon dioxide but much of it was recovered unchanged. Sodium acetate, on 
the other hand, was metabolized rapidly under the same conditions (Table V) 
most of it being reduced to ethanol. 
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TABLE III 
CoMPARATIVE BICARBONATE-FIXING POWER OF BACTERIA 


Conditions as for Table II, with cresol red as the indicator; B. subtilis was incubated 
at 35° C. and other bacteria at 30° C. 


Radioactivity (as per cent of total) 
Organism — 
In cells In cleared solution | In carbon dioxide 
Bacillus subtilis 1.48 1.68 96.8 
Serratia marcescens 6.9 31.1 62.0 
Aerobacter aerogenes 18.9 35.2 45.9 
TABLE IV 


DISSIMILATION OF GLUCOSE BY B. subtilis IN PRESENCE OF HC“OONa 


Conditions as for Table II with the bicarbonate replaced by 5 yc. (1.47 mM.) of carbon-14 
labelled sodium formate. The fermentation time was four hours. 


Millimoles Microcuries per gm. of carbon 
Product 
pH near 6 pH near 8 pH near 6 pH near 8 
Initial glucose 3.26 3.44 _ _ 
Final glucose 0.10 0.08 _— _ 
Cell carbon 4.85 3.96 0.88 0.77 
Carbon dioxide 2.39 2.57 9.80 5.48 
2,3-Butanediol 1.3% 1.16 0.10 0.10 
Glycerol -CH,OH — — 0.27 0.05 
Glycerol -CHOH- 0.59 0.46 Lost 0.22 
Formic acid 1.48 0.96 261 366 
Lactic acid -COOH 1.79 1.92 1.38 0.20 
Lactic acid CH; CHOH- — — 0.06 0.02 
TABLE V 


DISSIMILATION OF GLUCOSE BY B. subtilis IN PRESENCE OF CH;C“OONa 


Conditions as in Table II with the bicarbonate replaced by 5 uc. (0.408 mM.) of carboxyl- 
labelled sodium acetate. The fermentation time was three and one-half hours. 


Millimoles Microcuries per gm. carbon 
Product 

pH near 6 pH near 8 pH near 6 pH near 8 
Initial glucose 3.22 3.26 _ _ 
Final glucose 0.06 0.33 — — 
Cell carbon 5.22 5.27 4.51 4.12 
Carbon dioxide 4.75 2.36 0.06 0.12 
2, 3-Butanediol 2.16 1.16 0.68 0.36 
Glycerol -CH,0H 0.27 
Glycerol -CHOH- 0.27 Nil Trace _ 
Ethanol 0.49 0.34 31 339 
Acetic acid Lost 0.15 Lost 352 
Lactic acid -COOH 0.56 0.19 0.22 
Lactic acid CH; CHOH- 0.03 0.01 
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TABLE VI 
DIssIMILATION OF D-GLUCOSE-1-C"™ By B. subtilis 
Conditions:as in Table II, using bromocresol purple, and omitting the bicarbonate. The 


cell suspension (5 ml.) was mixed with 5 ml. of a glucose-1-C™ solution containing about 3 yc. 
The fermentation time was five hours. 


“17: Microcuries per gm. 
Product Millimoles all 

Initial glucose 2.78 88.0 (Carbon 1) 
Final glucose 0.03 
2,3-Butanediol CH;- 2.02 44.0 
2,3-Butanediol -CHOH- —_ 0.53 
Glycerol CH,OH- _ 26.9 

Glycerol -CHOH- 0.93 0.69 

Lactic acid CH;— 0.61 44.0 

Lactic acid -CHOH- 0.55 

Lactic acid -COOH — 0.32 

Carbon dioxide 3.86 2.43 

Cell carbon 3.16 3.39 


The results of an experiment on the fermentation of glucose-1-C' are shown 
in Table VI. The isotopic carbon was found mainly in the methyl groups of 
lactic acid and 2,3-butanediol and in the terminal carbons of glycerol, only a 
relatively small amount being found in the carbon dioxide. 


Discussion 


It is possible that all the carbon dioxide was fixed by the well-known 
Wood—Werkman reaction since the succinic acid obtained, in experiments 
with NaHC'QO;, had a higher specific activity than any other products. 
Actually the largest fraction of the carbon-14 added was found in lactic acid, 
since it is a major product while succinic acid is formed in small amounts. 
Fixation of carbon dioxide in the carboxyl group of lactic acid has been 
observed with other species of bacteria (3, 23, 27). In all cases where succinic 
acid could be isolated from the same solution it had a higher concentration of 
isotopic carbon than the lactic acid. It is possible that fixation in lactic acid 
occurs by a C2 + C, addition with some organisms (3, 27) but others may 
transport carbon dioxide carbon into the metabolic pool, via succinic acid, 
where a large part of it eventually ends up in the lactic carboxyl group. 
Formic acid does not appear to be an important intermediate in carbon dioxide 
fixation by B. subtilis because of its relatively low specific activity and slow 
rate of metabolism. The difference between the amounts of carbon dioxide 
fixed above and below neutrality was quite striking, the results suggesting 
that bicarbonate ion was metabolized more readily than undissociated 
carbonic acid. 

The effect of acetate in raising the yield of 2,3-butanediol was an indirect 
one since very little acetate carbon was incorporated into the diol. The 
acetate acted as a hydrogen acceptor being reduced to ethanol. This reduction 
is also carried out by Leuconostoc mesenteroides (8) and may be more general 
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than has been supposed. Acetate appears to act among bacteria forming 
2,3-butanediol as a hydrogen acceptor for the hydrogens generated by the 
reaction: 

CsH:10g ——————> CH; - CHOH - CHOH - CH; + 2CO, + 2H. 

In the presence of acetate Aerobacter aerogenes and Bacillus polymyxa, 
which normally evolve these atoms as molecular hydrogen, form very little 
hydrogen gas although they give increased yields of 2,3-butanediol (10, 21, 
22, 25). Serratia marcescens, which gives formic acid instead of molecular 
hydrogen (17), produces much less formic acid and more 2,3-butanediol in 
acetate-enriched media (16). Bacillus subtilis, which forms glycerol in place 
of hydrogen, also exhibits an analogous effect as shown in this paper. 

The increased yields of 2,3-butanediol obtained in the presence of acetate 
or other hydrogen acceptors can be explained, at least in part, by the fact that 
part of the sugar normally used to provide hydrogen acceptors for the above 
reaction can be converted to 2,3-butanediol instead. For example in the 
B. subtilis fermentation it is probable that glycerol and lactic acid are formed 
by the reduction of a triose and pyruvate respectively. When acetate is 
added it competes with pyruvate and triose for the available hydrogen, thus 
decreasing the amounts of lactic acid and glycerol formed and making more 
of the sugar carbon available for 2,3-butanediol formation. This explanation 
can be extended to species forming alcohol and molecular hydrogen as the 
major by-products by assuming that acetate replaces the ethanol precursor 
normally formed from the sugar. The well-known effect of oxygen in increas- 
ing the yield of 2,3-butanediol can be explained similarly provided proper 
assumptions are made concerning the relative rates of competing reactions. 

The classical Embden-Meyerhof scheme for lactic acid formation from 
sugars predicts that all of the radioactive carbon from glucose-1-C' will be 
found in the methyl groups of the lactic acid and, further, that these methyl 
carbons will have half the specific activity of C: of glucose since they are 
formed equally from glucose C; and C, atoms. This was found for the methyl 
carbons of both lactic acid and 2,3-butanediol (Table VI). The data support 
the hypothesis that glucose is converted to pyruvate, by Embden-Meyerhof 
reactions, and the pyruvate is then converted to lactic acid or 2,3-butanediol. 
The glycerol isolated was also found to be labelled mainly as expected from 
the Embden-Meyerhof scheme, supposing it to be formed by reduction of a 
triose. The appearance of small but appreciable amounts of activity in other 
carbons indicate that some reactions are functioning in addition to those 
embodied in the classical scheme. This is particularly evident in the case of 
carbon dioxide, which should be inactive, but actually shows 6% of the 
maximum activity possible, assuming that two moles of carbon dioxide are 
formed from one of glucose. 
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MICROBIOLOGICAL STUDIES OF THE ACTION OF SOME 
SELECTED SOIL FUMIGANTS! 
By R. N. WENSLEy? 
Abstract 


Microbiological studies involving the use of three soil fumigants, methyl 
bromide, a propane—propene mixture, and ethylene dibromide, established a 
biological basis for the evaluation of soil fumigants as fungicides, bactericides, 
and actinomycides and provided quantitative and qualitative data from which 
the efficacy of each fumigant was rated as high, medium, low, and poor in each 
capacity and permitted a study of the significance of population trends. Due 
emphasis was placed on the two factors, concentration of the fumigant and the 
period of confined exposure, by determining the value of each factor required 
to produce, under controlled conditions of temperature and soil moisture, a 90% 
reduction in numbers of each microbiological group. Methyl bromide proved to 
be the most effective fumigant in all three capacities while ethylene dibromide 
formulations were least effective. The concentrations of, and exposure periods 
to, ethylene dibromide and the propane—propene mixture required to give satis- 
factory reduction of the three microbiological populations are considered high 
and neither fumigant is recommended as a fungicide, bactericide, or actino- 
mycide. However, ethylene dibromide proved to be more effective than methyl 
bromide against root-knot nematodes and is recommended for use in this 
capacity. Soil fumigation effectively altered the microbiological balance in 
favor of fungi that were normally suppressed by a predominance of aspergilli 
and penicillia. Of four physiological groups of bacteria studied, nitrifiers and 
cellulose decomposers were most severely reduced in numbers by methyl! bromide 
fumigation. The actinomycetes showed a greater tolerance of fumigation than 
either the fungi or bacteria. 


Introduction 


The properties and limitations of different soil fumigants have been shown 
to be widely different by several investigators (2, 9, 11, 12, 13, 17) according 
to the purpose for which the fumigants were used. Ethylene dibromide, 
propane-propene mixtures, chloropicrin, and methyl bromide have all dis- 
played valuable nematocidal properties but the first three only have shown 
sufficient adaptability for field use owing to their effectiveness and ease of 
application. On the other hand only methyl bromide and chloropicrin have 
shown sufficient fungicidal effectiveness to warrant their application for 
fungus control, and in this respect it is regrettable that they possess properties 
which discourage and limit their use on an extensive scale. It now seems 
apparent that chemical means of nematode control are more or less assured 
whereas the control of other soil-borne pathogens presents a serious problem. 
Meuli and Swezey (10) pointed out that ‘‘the once limiting factors of wire- 
worms and root-knot nematodes are not a problem in California, but that the 
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remaining problem of soil disease organisms now stands out in alarming 
proportions since no control has been devised for the many root rots and 
wilts’’. This observation is well-founded and applies not only to California 
but wherever intensive cropping is carried on. The remedy for this situation 
awaits the arrival of a more nearly ideal fumigant than is on the market today 
but much can be accomplished meanwhile from a better understanding of the 
effects of soil fumigants presently in use on the complex microbiological life 
of the soil and the adoption of a suitable system of evaluation. 


A Biological System of Rating Soil Fumigants 


The objectives of the present investigation were (1) to determine the 
efficacy of three selected soil fumigants, ethylene dibromide (EDB), methyl 
bromide (MBr), and a propane—propene mixture (PP), (2) to determine, 
describe, and assess any trends in microbiological population that might occur 
as a result of fumigation, and (3) to establish a suitable biological basis for 
the evaluation and rating of soil fumigants in any capacity for which they 
are used. 

To achieve the first two of these objectives, it was necessary to gather 
biological data on both a quantitative and qualitative basis. Accordingly, 
each fumigant was tested at several concentrations, in milliliters per 1000 
gm. of soil, under confined exposure and in close contact with the soil induced 
by mechanical distribution, for exposure periods of from 1 to 96 hr. The 
capacity of a fumigant to reduce a particular microbiological population was 
determined by making plate counts and expressing these in terms of the 
percentage reduction of the normal population, which was obtained by plate 
counts from control soil samples. Throughout all tests, the concentration of 
the fumigant and the period of confined exposure were emphasized as the two 
main factors influencing the efficacy of a fumigant or its evaluation under 
laboratory conditions and thus quantitative and qualitative data were 
gathered which constituted the biological basis for the evaluation and rating 
of each fumigant in each capacity. 

To establish this biological basis several new values and concepts were 
required. First, a common reference or end point, at which different fumi- 
gants might be compared or a single fumigant might be compared with itself 
under different conditions, was considered necessary and a 90% level of 
reduction was chosen as a value to be attained by appropriate concentrations 
and exposure periods. The capacity of a fumigant to produce a 90% reduc- 
tion in population at a low level of these factors indicated an effective fumi- 
gant, while a fumigant requiring high levels of these factors would be con- 
sidered ineffective. From these two values of concentration and exposure 
period the concepts of critical exposure concentration and critical exposure 
period were derived. They are defined as follows. Critical exposure con- 
centration is that concentration of a fumigant which is required to reduce 
the population of a particular microbial group by 90% in a specific period of 
time. Critical exposure period is that period of confined exposure of a given 
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quantity of soil (herein 1000 gm.) to a fumigant at a specific concentration 
which is required to reduce the population of a particular microbiological 
group by 90%. The product of these two values served as an excellent 
common denominator for the actual rating of soil fumigants and has been 
termed the efficiency index. The lower the critical exposure concentration 
and critical exposure period, the lower was the efficiency index and the more 
effective was the fumigant. The concentrations that were employed ranged 
from 0.20 ml. to 10 ml. per 1000 gm. of soil according to the effectiveness of 
the fumigant being tested while exposure periods in terms of hours were so 
selected that for any particular concentration, e.g. 1 ml. per 1000 gm. of soil, 
the time required to produce a 90% reduction in population was determined 
and the trend of population changes could be observed from the quantitative 
and qualitative data obtained after each time period of from one hour to the 
critical exposure period. In the case of weakly-effective fumigants there 
seemed no point in going beyond 96 hr. of exposure to obtain the critical 
exposure period and the efficiency index being sought was referred to as in- 
determinate. At each of several concentrations used the critical exposure 
period was determined providing it fell at or below 96 hr. and the product of 
the concentration and its corresponding critical exposure period was calculated 
to give the efficiency index. Thus, in Tables II, VI, and IX, several efficiency 
index values are found for each fumigant. However, the efficiency index 
corresponding with a concentration of 1 ml. in each case was selected as most 
suitable for the rating of fumigants varying so widely in their capacity as a 
fungicide, bactericide, or actinomycide. On this basis it was possible to set 
up a rating system consisting of four categories as follows. A fumigant with 
an efficiency index of 1-12, 13-48, 49-96, or greater than 96, for a concentra- 
tion of 1 ml. per 1000 gm. of soil, is classed as high, medium, low, or poor, 
respectively. Accordingly, it is shown in Table II that ethylene dibromide 
with an efficiency index of 96 rated low as a fungicide, whereas methyl bromide 
with an efficiency index of 2 rated high. 


Methods and Materials 


Two soil types were used: one, a sandy loam consisting of 53.6% sand, 
30.8% silt, and 6.4% organic matter, with a moisture equivalent of 17.45% 
and a maximum water holding capacity of 78.25% and the other, a soil with 
a high organic content obtained from Thedford Marsh. Prior to use, the 
sandy loam soil was raised to appropriate moisture levels ranging from 15% 
to 25% on an oven-dry basis. Since the soil moisture variations failed to 
alter the efficiency index and subsequently the rating of a fumigant, the soil 
moisture percentages for the several test-series comprising the data for each 
fumigant were gerierally expressed in terms of minimum and maximum, e.g. 
15%-25%. Soil temperatures were maintained close to 75°F. All soil 
samples of 1000 gm. were treated in 128-oz. glass jars with tight-fitting screw 
lids and were agitated for five minutes, following the addition of a fumigant, 
to obtain an even distribution of the gas throughout the soil. 
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The media used for culturing fungi, actinomycetes, and bacteria were as 
follows: fungi, Smith’s glucose nitrate soil extract plus rose bengal (1 : 15,000) 
(16); actinomycetes, Conn’s sodium asparaginate glycerol agar (4); and for 
bacteria, a nonselective soil extract agar. Four physiological groups of 
bacteria, denitrifiers, nitrifiers, cellulose decomposers, and ammonifiers were 
cultured in Giltay’s asparagin nitrate—citrate solution (4), Winogradsky's 
ammonium sulphate solution (4), Omeliansky’s ammonium sulphate cellulose 
solution (4), and a peptone gelatin solution respectively. Incubation periods 
adopted were five days for fungi and actinomycetes, 12 days for bacteria, 
2-6 days for ammonifiers and denitrifiers, and 7-21 days for nitrifiers and 
cellulose decomposers at 26° C. 


Population Studies on a Quantitative Basis 


Fungicidal Efficacy of Methyl Bromide, Ethylene Dibromide, and 50% 1,3- 
Dichloropropene Mixture 

In Tables I and II quantitative data show the influence of methyl bromide 
(MBr), ethylene dibromide (EDB), and 50% 1,3-dichloropropene mixture 
(PP) on fungi of a greenhouse sandy loam soil. Methyl bromide proved to 
be the most efficient fungicide, rating high with an efficiency index of two 
(Table II). Actually, concentrations of methyl bromide below 1 ml. per 
1000 gm. of soil were sufficient to produce a 90% reduction in the fungous 
population and it is shown in Tables I and II that at 0.2 ml. and 0.4 ml. per 
1000 gm. of soil the critical exposure period is eight and four hours respectively 
with an index of 1.6 in each case. After one hour of exposure there is little 
to choose among the three fumigants tested but beyond this, methyl bromide 
was decidedly more effective. From the data shown it is apparent that the 
more effective a soil fumigant is, the lower and more nearly equivalent are 
the efficiency indices. This is well demonstrated by methyl bromide for which 
the efficiency indices are 1.6, 1.6, and 2.0 for concentrations of 0.2, 0.4, and 
1 ml. respectively. On the other hand, the efficiency indices of weak fumi- 
gants are relatively high and they tend to separate and vary widely. 


TABLE II 


EFFICIENCY INDICES OF METHYL BROMIDE, ETHYLENE DIBROMIDE, AND 
50% 1,3-DICHLOROPROPENE MIXTURE AS FUNGICIDES 


wn Critical exposure period Efficiency index Fungicidal rating 
tration | MBr |EDB| PP MBr EDB PP |MBr|EDB| PP 
0.2 8 >96 —_ 1.6 Indeter- _ 
minate 
1.0 2 96 12-24 2.0 96 12-24 | High | Low | Med. 
5.0 _ 12 5 — 60 25 
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Ethylene dibromide displayed low fungicidal effectiveness and at 0.20 ml. 
per 1000 gm. of soil failed to produce more than a 56% reduction in numbers 
in the extended period of 96 hr. (Table I). In Table II the efficiency index 
is seen to be very high, ranging from 50 to greater than 96, and thus this 
fumigant is rated as low. Concentrations below 1 ml. of this fumigant effect 
insufficient reduction in the general fungous microflora to warrant its use as 
a fungicide. Of course, this does not preclude the possibility of more specific 
employment, in which case some use might be found for it as a fungicide. 

The 50% 1,3-dichloropropene mixture displayed a somewhat greater fungi- 
cidal capacity than did ethylene dibromide, rating medium with an efficiency 
index of 12-24, but the concentration and exposure period required are still 
high. While higher concentrations of 5 and 10 ml. reduced the critical exposure 
period considerably, such dosages would be uneconomical unless chemical 
costs were greatly reduced. 

According to their resistance to ethylene dibromide soil fungi are classified 
into two groups, susceptible and resistant, which comprise respectively 
approximately 63% and 37% of the fungous population. The susceptibles 
include 44% of the population which was effectively reduced at a low con- 
centration of 0.2 ml. and an exposure of one hour, as well as 19% which were 
inhibited at a concentration of 1 ml. when exposed longer than one hour and 
up to 24 hr. The resistant group, which represents 37% of the population, 
includes all types surviving 24 hr. of exposure to 1 ml. of ethylene dibremide. 
Nine per cent of these are classed as highly resistant because they survived 
even 96 hr. of exposure. Following the initial inhibition of very susceptible 
fungi, little response to continued exposure occurred over long periods of time, 
which suggests that the toxicity of ethylene dibromide is low and only by 
continued and confined application is it at all effective as a fungicide. 

Data obtained from tests with W-85 and H-9138, applied at 1 ml. per 
1000 gm. of soil and for exposure periods of 1, 24, 48, and 96 hr., showed 
these two commercial formulations of ethylene dibromide to be closely 
equivalent to pure ethylene dibromide. Both are rated as low fungicidally. 

Tables III and IV show the effect of soil moisture and soil type on the efficacy 
of methyl bromide as a fungicide under laboratory conditions. The effects of 
soil moisture were observed by treating air-dry sandy loam and the same soil 
at 15-25% soil moisture level. The percentage reduction in fungi after 
confined exposure for one hour was 23% higher for air-dry soil but after two 
hours the results were comparable and the critical exposure periods at 1 ml. 
are regarded as equivalent. It might be added that tests with ethylene 
dibromide at soil moistures ranging from 15-25% also showed inconsequential 
effects of soil moisture on the rating of this fumigant. Thus, this factor is 
considered to be unimportant in the evaluation of fumigants under these 
laboratory conditions, although throughout these tests moisture levels 
were controlled. 


Soil type showed a more pronounced effect and a highly organic soil pro- 
longed the critical exposure period for methyl bromide by two hours. 
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Percentage reductions after one, two, and three hours were considerably 
lower than those obtained for sandy loam soil after comparable periods of 
time. While the rating of methyl bromide was not altered, the efficiency 
index did increase from two to four which suggests that the effect of a high 
organic content might be even more pronounced on the efficiency indices of 
ethylene dibromide and 50% 1,3-dichloropropene mixture. This factor alone 
might determine the success or failure of a fumigation project. 


TABLE III 


EFFECT OF SOIL MOISTURE ON THE FUNGICIDAL EFFICIENCY OF METHYL BROMIDE 


Concentration in ml. per 1000 gm. soil 
0.2 | 1 
Exposure period Percentage soil moisture 
15-16 | 24 | 15-25 | Air-dry 
Percentage reduction in numbers 
1 53 76 
2 91 88 
4 00 66 99 98 
5 _ — 99 99 
6 oman 
8 93 85 
12 97 99 
24 99 99 


TABLE IV 


THE EFFECT OF SOIL TYPE ON FUNGICIDAL EFFICIENCY OF METHYL BROMIDE 
AT 1 ML. PER 1000 GM. OF SOIL 


Sandy loam Peat 


Exposure period Percentage soil moisture 


in hours 20-25 | Air-dry | Approx. 200 


Percentage reduction in numbers 


1 53 76 40 
2 91* 88* 50 
3 97 91 74 
4 99 98 95* 
5 99 99 99 
6 99 99 99 


* Population reductions approximating those of the critical exposure period. 
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Bactericidal Efficacy of Methyl Bromide, Ethylene Dibromide, and 50% 1,3- 
Dichloropropene Mixture 

Table V expresses the effectiveness of methyl bromide (MBr), ethylene 
dibromide (EDB), and 50% 1,3-dichloropropene mixture (PP) as bactericides 
at concentrations of 0.2, 1, 5, and 10 ml. per 1000 gm. of soil. Methyl 
bromide was clearly more effective than the latter two fumigants and rated 
high with an efficiency index of 6. This is higher than its fungicidal efficiency 
index but is still well within the 1-12 range. Furthermore, methyl bromide 
proved to be more effective at 0.2 ml. than were ethylene dibromide and 
50% 1,3-dichloropropene mixture at 1 ml. Data in Tables II and VI show 
methyl bromide to be less effective as a bactericide than as a fungicide. 
Ethylene dibromide was slightly more effective as a bactericide than a 
fungicide, rating as medium with an efficiency index of 48. At the same level 


TABLE V 


THE BACTERICIDAL EFFECTIVENESS OF METHYL BROMIDE, ETHYLENE DIBROMIDE, AND 50% 
1,3-DICHLOROPROPENE MIXTURE AT INCREASING LEVELS OF 
CONCENTRATION AND EXPOSURE PERIOD 


Concentration of fumigant in ml./1000 gm. soil 


Exposure 0.2 1 5 10 
period in 
hours MBr | EDB | MBr | EDB | PP MBr | EDB | PP EDB 
Percentage reduction in numbers of bacteria 
1 30 34 37 48 _ 92 92 96 90 
3 66 97 80 96 83 
7 78 83 97 90 
9 65 50 85 97 — 
12 — _ 95 65 55 98 — 96 — 
24 1 42 98 80 83 99 95 92 96 
48 95 — 98 91 89 — 97 94 96 
96 94 53 98 94 90 — 98 96 98 
TABLE VI 
EFFICIENCY INDICES OF METHYL BROMIDE, ETHYLENE DIBROMIDE, AND 
0% 1,3-DICHLOROPROPENE MIXTURE AS BACTERICIDES 
Critical exposure period Efficiency index Bactericidal rating 
Concen- 
tration MBr | EDB re MBr EDB gy MBr | EDB| PP 
0.2 24 >96 — 4.8 Indeter- -- 
minate 
1.0 6 48 >48 6.0 48 >48 High | Med. | Low 
5.0 1 9-24 1 5.0 >45 5 
10.0 7 — 70 
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of treatment the 50% 1,3-dichloropropene mixture showed a comparable 
bactericidal capacity although it was rated as low with an efficiency index of 
48+. Neither of these fumigants is promising as a bactericide at concen- 
trations in the range of practical use. After one hour of confined exposure, 
ethylene dibromide inhibited approximately 34% of the bacteria at 0.2 ml. 
and 48% at 1ml. The 34% is considered to represent the very susceptible 
bacteria, while the 14% eliminated in one hour by a fivefold increase to 1 ml. 
are considered susceptible. Approximately two-thirds of the bacterial popu- 
lation is considered susceptible and one-third resistant to ethylene dibromide. 
Of the latter 9 to 10% are classed as highly resistant. 


Tests with W-85 and H-9138 as bactericides showed these two ethylene 
dibromide formulations to be only slightly less effective than pure ethylene 
dibromide. Both are rated as low, with critical exposure periods approximat- 
ing 96 hr. The data are not included in this report. 


Studies on Four Physiological Groups of Bacteria 


Further investigations were carried out to determine the effect of soil 
fumigation with methyl bromide on four physiological groups of bacteria, the 
ammonifiers, nitrifiers, denitrifiers, and cellulose decomposers. The effect of 
this fumigant was tested at 0.2 ml. per 1000 gm. of soil for exposure periods 
of 1, 12, 24, 48, and 96 hr. to determine the fate of each population and, in 
addition, the repopulation of nitrifiers in the partially sterilized soil was tested 
after periods of two, four, and six weeks. The latter is dealt with in the 
Repopulation Studies section. 


The results of these treatments are shown in Table VII. Nitrification was 
progressively suppressed as the exposure period was prolonged and along 
with cellulose decomposition virtually ceased after 48 hr. of exposure. These 
two groups appeared to be most susceptible to methyl bromide fumigation 
while ammonifiers and denitrifiers displayed greater resistance and only long 
exposure periods effectively inhibited ammonia production. Denitrification 
was relatively little affected even after 96 hr. 


TABLE VII 


THE EFFECT OF METHYL BROMIDE AT 0.2 ML. AND FOUR EXPOSURE LEVELS 
ON FOUR PHYSIOLOGICAL GROUPS OF BACTERIA 


N * 
Exposure period A* N* D Ccp* 
See Percentage reduction in numbers 

1 31 55 32 10 
24 71 95 80 87 
48 79 99 50 99 
96 86 99 47 99 


* Abbreviations for ammonifiers, nitrifiers, denitrifiers, and cellulose decomposers respectively. 
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The data presented in Table VII support the contention of other workers 
that while nitrification is suppressed by fumigation, ammonification is not 
drastically reduced even after a relatively long exposure period of 96 hr. 
These results make it evident that methyl bromide fumigation suppressed the 
concentration of nitrate-nitrogen relative to that of ammonium-nitrogen in 
the soil, which constitutes a change generally regarded as unfavorable to 
most growing plants. However, results of numerous fumigation trials have 
demonstrated stimulation of seedling growth in fumigated soil (1, 6, 14, 15, 20), 
a phenomenon scarcely to be expected if the fate of nitrification organisms is 
as important as was formerly supposed. The increased plant vigor and growth 
following soil disinfection might be explained if we accept the following hypo- 
theses, that seedlings of many plants use ammonium-nitrogen freely, although 
the presence of some nitrate is stimulating; that the concentration of nitrates 
in the soil is not critical in the nutrition of many plants in the seedling stage; 
that chemical reaction between the fumigant and organic matter results in 
breakdown of some proteinaceous materials into available ammonium- 
nitrogen; that nitrification is not permanently inhibited under normal condi- 
tions of soil fumigation and that its resumption may be expected in time to 
meet the needs of the developing plant. 


The Actinomycidal Efficacy of Methyl Bromide, Ethylene amen and 50% 
1,3-Dichloropropene Mixture 


The actinomycetes were included and regarded in this investigation as a 
microbiological population, important for the decomposition of raw materials, 
including resistant humus, into available plant nutrients, the production of 
antibiotics, and the inclusion of plant pathogens such as Streptomyces (Actino- 
myces) scabies. Quantitative analyses alone were attempted in order to 
demonstrate the resistance of the entire actinomycete flora. Waksman (22) 
stated that the actinomyces are more resistant to the action of antiseptics, 
like toluol, than bacteria or fungi and also are slower to regain their original 
numbers after the removal of the chemical from the soil. Otherwise, the 
response of this intermediate group of microorganisms is still largely a matter 
of conjecture. In the present work the capacity of a fumigant to reduce the 
actinomycete population is referred to as its actinomycidal efficacy. 

Methyl bromide again demonstrated greater effectiveness than either 
ethylene dibromide or 50% 1,3-dichloropropene mixture (Tables VIII. and 
IX), although it was considerably less effective as an actinomycide than as a 
bactericide or a fungicide. At 0.2 ml. it required approximately 96 hr. to 
effect a 90% reduction in the actinomycete population while at 1 ml. this took 
nearly 12 hr., which is the upper limit for a high rating. This reduced effec- 
tiveness is reflected in the greater discrepancy between the efficiency indices 
at 0.2 ml. (9.6-19.2) and 1 ml. (12) than is found in the bactericidal and 
fungicidal indices (Tables II, VI, 1X). Ethylene dibromide was still less 
adequate, failing to produce a 90% reduction at any concentration up to 
10 ml. and is rated as poor. The propane—propene mixture produced a 90% 
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reduction at 1 ml. in less than 96 hr. and is rated as low. At both 0.2- and 
1-ml. concentrations the reduction in numbers of actinomycetes produced by 
these three fumigants in one hour is lower than the reduction achieved when 
the fumigants are acting as bactericides and fungicides. This fact, in addition 
to the greater periods of exposure required to produce comparable reduction, 
suggests that the actinomycete population is more resistant to fumigation 
than are bacteria or fungi. The results with methyl bromide at 0.2 and 
1 ml. concentrations show this most clearly (Tables II, VI, IX). At 2ml.a 
90% reduction in numbers was produced in 8, 24, and 96 hr. for fungi, bacteria, 
and actinomycetes respectively and at 1 ml., 2, 6, and 12 hr. were required for 
these groups in the same order. It is therefore assumed that the ordinarily 
recommended dosages of these fumigants would have little effect on the 
actinomycete population. 


TABLE VIII 
ACTINOMYCIDAL EFFECTIVENESS OF METHYL BROMIDE, ETHYLENE DIBROMIDE, AND 50% 


1,3-DICHLOROPROPENE MIXTURE AT INCREASING LEVELS 
OF CONCENTRATION AND EXPOSURE 


Concentration in ml. per 1000 gm. soil 


Exposure 0.2 | 1 5 | 10 
period in 
hours MBr | EDB | MBr | EDB | PP EDB | PP | EDB | PP 


Percentage reduction in numbers 


1 28 27 —_ 29 35 — 52 53 47 
12 94 —e 42 67 
24 56 19 99 45 42 62 76 62 90 
48 80 24 99 53 86 70 90 70 99 
96 96 29 99 69 99 89 98 85 99 


TABLE IX 


ACTINOMYCIDAL EFFICIENCY INDICES OF METHYL BROMIDE, ETHYLENE DIBROMIDE, 
AND 50% 1,3-DICHLOROPROPENE MIXTURE 


Concen- | Critical exposure period Efficiency index Actinomycidal rating 
tration 
MBr | EDB rr MBr EDB Pr MBr | EDB| PP 
0.2 48-96 | >96 — 9.6-19.2 | Indeter- _ 
minate 
1.0 12 >96 | 48-96 12 Indeter- | 48-96 | High | Poor | Low 
minate 
5.0 —_— >96 48 _— Indeter- 240 
minate 
10.0 — >96 24 _— Indeter- 240 
minate 
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Population Studies on a Qualitative Basis 
Objectives 


It seemed desirable to determine the significance of the quantitative changes 
shown to occur in the previous section in terms of qualitative analyses of the 
fungous flora following the various treatments. These were approached in 
the following manner. First, an attempt was made to determine the pattern 
of the changing fungous flora in the soil as indicated by specific fungous types 
and the proportion of counts on agar plates that they represented. This was 
investigated in soil fumigation with ethylene dibromide, 50% 1,3-dichloro- 
propene mixture, and methyl bromide at different levels of both exposure in 
hours and concentration, in milliliters per 1000 gm. of soil, of two soil types, 
namely a sandy loam and a peat, and in air-dried as compared with moist 
soil. Second, the efficacy of each fumigant was assessed in terms of the 
fungous types inhibited by and surviving different levels of treatment and the 
possible significance was considered of the relationships existing between the 
types destroyed and those surviving in relation to disease incidence. 


Effect of Ethylene Dibromide, 50% 1,3-Dichloropropene Mixture, and Methyl 
Bromide on Differeni Soil Fungi in Ottawa Sandy Loam 

The effect of ethylene dibromide, methyl bromide, and 50% 1,3-dichloro- 
propene mixture on different soil fungi is shown in Table X. A concentration 
of 1 ml. per 1000 gm. of soil and exposure periods of 1, 2, 3, 4, 5, 6, 12, 24, 48, 
and 96 hr. were used. 

Methyl bromide was more effective against aspergilli than either of the 
other two fumigants and completely eliminated the group in the soil within 
only five hours. Penicillia fell into two groups, one susceptible and the other 
resistant, depending on whether they lacked or possessed a perfect stage. 
The susceptible group of penicillia, which along with aspergilli predominated 
in Ottawa sandy loam soil, was largely inhibited by all three fumigants and 
was gradually superseded by species possessing a perfect stage, e.g. P. vermi- 
culatum, as the exposure periods were prolonged. Other ascomycetous types 
that showed rather consistent toleration of fumigation include Chaetomium, 
Chaetomidium, and Thielavia species. Chaetomium globosum constituted 25% 
of the plate count after five hours of exposure to methyl bromide while C. 
cochliodes appeared after 96 hr. of exposure to ethylene dibromide. Thielavia 
basicola showed high resistance to methyl bromide in all tests (Tables X, XI, 
XII, XIII, XIV) and is included with the resistant group of fungi, even though 
it was never isolated from soil treated with ethylene dibromide and 50% 
1,3-dichloropropene mixture. Trichoderma viride showed high resistance to 
ethylene dibromide and 50% 1,3-dichloropropene mixture and constituted 
31% of the survivals of methyl bromide fumigation at a concentration of 1 ml. 
(Table XI). This places T. viride among those fungi classed as resistant to 
fumigation. 

In addition to the above fungi, several sterile types were isolated from 
fumigated soil. These were most numerous following treatment with methyl 
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bromide and 50% 1,3-dichloropropene mixture, the two most effective fungi- 
cides, and constituted as high as 50% of the survivals in both peat and sandy 
loam soils at high levels of exposure (Tables X and XIV). It is possible that 
these sterile isolates appeared as the result of fumigant action on other 
fungous types. 

In general, ascomycetous penicillia (P. vermiculatum, P. brefeldianum), 
ascomycetes (Chaetomium, Chaetomidium, Thielavia, etc.), Trichoderma viride, 
and sterile types comprised the resistant survivals of fumigation with ethylene 
dibromide, 50% 1,3-dichloropropene mixture, and methyl bromide. There 
may well be other types which did not occur in these soils or did not appear 
on plates which belong in this group, nevertheless a large majority of the 
fungous flora displayed susceptibility or only intermediate resistance to 
fumigation. Fusaria appeared to be susceptible to fumigation and were 
generally inhibited. Only in the case of ethylene dibromide treatment did a 
Fusarium species survive a high level of exposure. 

Methy! bromide proved to be much more effective in suppressing a wider 
range of fungi than either ethylene dibromide or 50% 1,3-dichloropropene 
mixture. Maximum reduction in the number of fungous types was achieved 
by 1 ml. per 1000 gm. of soil in five hours as compared with 96 hr. for 50% 
1,3-dichloropropene mixture and still longer than 96 hr. for ethylene dibromide 
(Table X). It is recalled that the efficiency indices for methyl bromide, 
50% 1,3-dichloropropene mixture, and ethylene dibromide as fungicides were 
2, 12-24, and 96 respectively (Table II) and it is noted that this ability to 
reduce effectively the fungous population is closely correlated with the capacity 
of a fumigant to inhibit the aspergilli, penicillia, and other susceptible and 
intermediately resistant fungi. Methyl bromide within five hours inhibited 
aspergilli, reduced penicillia to those possessing an ascosporic stage, and 
eliminated all others except several ascomycetes (Chaetomium, Chaetomidium, 
and Thielavia), Trichoderma viride, and a few sterile isolates. This capacity 
corresponds closely with its achievements on a quantitative basis. Ethylene 
dibromide and 50% 1,3-dichloropropene mixture were effective only at 
exposure periods that are considered too great for practical use or at concen- 
trations far above those recommended, and neither of these two fumigants is 


recommended as a general fungicide although it is realized that they might 
control specific organisms. 


Qualitative Patterns Resulting from Increasing Concentrations of Methyl Bromide 
at a Given Exposure Period 

Table XI shows the effect on fungous types in sandy loam soil of increasing 
the concentration of methyl bromide from 0.2 ml. to 1 ml. per 1000 gm. of 
soil at an exposure period of four hours. Monosporium species appeared in 
increasing proportions from 10% to 50% of plate counts as the concentration 
of methyl bromide was increased from 0.2 to 0.6 ml. Above 0.6 ml., how- 
ever, this type was inhibited along with Sordariopsis. Chaetomium species 
comprised 7% of plate counts at 0.8 ml. while Thielavia basicola and un- 
identified Thielavia species made up 14% of the surviving fungi at this 
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TABLE XI 


THE EFFECT OF INCREASING CONCENTRATION OF METHYL BROMIDE AT FOUR HOURS 
OF EXPOSURE ON DIFFERENT TYPES OF SOIL FUNGI 


Concentration in ml. per 1000 gm. soil 


Type of fungus c* | @2 1 0.6 1 


Approximate percentage concentration of fungous types on plates 


Aspergilli 75 14 50 62 25 18 _ 6* 
Penicillium 
Unidentified sp. 
vermiculatum 
Trichoderma viride 
Thielavia 
Unidentified sp. 
basicola 
Byssochlamys nivea 
Spicaria violaceae 
Chaetomidium spp. 
Cephalosporium spp. 
Mucorales 
Sterile 
Scopulariopsis spp. 
Undetermined 
Fusarium spp. 
Monosporium spp. 
Chaetomium spp. 
Sordariopsis spp. 


~ 
te 

| 

| 


~ 
| 


learn 
lol | 
| 


| 
It lleliell 


* Percentage concentration of survivals not recorded. 
** Represent the majority of types surviving fumigation. 


concentration. The percentage concentration of aspergilli was reduced to 6% 
at 1 ml., while P. vermiculatum steadily increased to form a major part of this 
flora along with Trichoderma viride, members of Mucoraceae and undeter- 
mined types. Further investigation of Penicillium species surviving 1 ml. 
of methyl bromide probably would show that a large proportion of these 
possessed a perfect stage. In the main, there is an increase in the percentage 
concentration of resistant types, previously referred to, as the concentration 
of methyl bromide is increased, but the pattern is less clear than that shown 
for increasing exposure periods in Table XII. 

A clear pattern resulting from increasing exposure periods from 1 to 20 hr. 
at a methyl bromide concentration of 0.2 ml. is shown in Table XII. Asper- 
gilli were eliminated by 12 hr. of exposure and along with species of Mucorales, 
Monosporium, Scopulariopsis, Cladosporium, Sporotrichum, Sorosporium, and 
others disappeared when treated for 16 hr. Penicillium vermiculatum and 
other unidentified Penicillium species, Trichoderma viride, and Thielavia 
basicola, continued to form the surviving population after 16 hr. of exposure. 
Neither Chaetomium nor Mucorales species formed an important part of the 
flora in this series and dropped out early along with species of Graphium, 
Byssochlamys, Haplographium, Myrothecium, and Spicaria. Sterile isolates 
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TABLE XIl 


THE EFFECT OF 0.2 ML. METHYL BROMIDE AT INCREASING EXPOSURE 
ON DIFFERENT TYPES OF SOIL FUNGI 


Exposure period in hours 


Type of fungus rt £4 8 | 12 | 16 | 20 


Approximate percentage concentration of fungi 


Aspergilli 
Penicillium 
Unidentified 
vermiculatum 
Trichoderma viride 
Chaetomium funiculosum 
Thielavia basicola 
Mucorales 
Fusaria 
Monosporium spp. 
Scopulariopsis 
brevicaulis 
Unidentified 
Cladosporium spp. 
Sporotrichum spp. 
Graphium sp. 
Byssochlamys nivea 
Haplographium bicolor 
Myrothecium verrucariae 
Sorosporium sp. 
Sterile 
Undetermined 
Spicaria violaceae 
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* Percentage concentration of survivals not recorded. 


also failed to appear above eight hours and comprised merely 2% of plate 
counts at this level. Monosporium species increased in percentage of plate 
count from 4% to 48% as exposure was prolonged to 12 hr. This fungus was 
inhibited however, as shown in Table XI, when the concentration was increased 
above 0.6 ml. at four hours. 

Exposure periods of 12 hr. or less at a concentration of 0.2 mi. and a con- 
centration of 0.6 ml. or less for an exposure period of four hours were in- 
adequate for the inhibition of the intermediately susceptible and resistant 
fungi. It is interesting to note that the efficiency index at each of these points 
referred to is 2.4 and that only the resistant types survived at treatment 
levels corresponding to an efficiency index of 3.2. 


Qualitative Pattern Resulting from Treating Air-dry Soil 

The effect of air-drying the soil, prior to fumigation, on the efficacy of 
methyl bromide and the fungous types surviving treatment is shown in 
Table XIII. The over-all results of these tests do not materially differ from 
those already discussed above. The same types, including P. vermiculatum, 
P. brefeldianum, and other unidentified Penicillium species, Chaetomium 
globosum, Thielavia basicola, and a Chaetomidium species comprised the 
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TABLE XIll 


THE EFFECT OF 1 ML. METHYL BROMIDE AT FIVE EXPOSURE LEVELS ON 
TYPES OF FUNGI IN AIR-DRY SOIL 


Exposure period in hours 
Type of fungus 1 | 2 | 3 | 4 | 5 
Approximate percentage concentration of fungous types 
Aspergilli 46 55 80 — _ 
Penicillium 
brefeldianum * ** 
vermiculatum — 3 6 * ** 
Unidentified 33 10 3 
Mucorales — ~ 9 
Chaetomium 
globosum * ** 
Unidentified 5 3 
Fusaria 4 3 
Thielavia basicola —_ 25 — * ** 
Scopulariopsis spp. 12 — ven * cane 
Undetermined 4 — 


* Percentage concentration of survivals not recorded. 
** Represent the majority of types surviving fumigation. 


survivals after five hours’ exposure to 1 ml. of methyl bromide. Trichoderma 
viride was the only major exception to the above statement as it did not 
appear at all throughout this series. It is probable that air-drying, followed 
by fumigation, was too severe for its survival. Aspergilli again were eliminated 
along with Mucorales and fusaria. Species of Scopulariopsis and Sordariopsis 
persisted for four hours but were inhibited by five hours of exposure. This 
corresponds to the results in Table X. Fungous types, apart from T. viride, 
which have shown resistance to fumigation also appeared to possess resistance 
to air-drying, possibly by virtue of the same characteristic fruiting mechanism. 


Effect of Methyl Bromide on Different Soil Fungi in Peat 

The introduction of a highly organic soil was considered most suitable for 
the study of the influence which soil type might have on the efficacy of a 
fumigant as a fungicide, both quantitatively and qualitatively. A rather 
different microbiological population from that found in Ottawa sandy loam 
was expected owing to the presence of a high organic content and the cultural 
history of the area from which the soil was obtained. In addition, the high 
organic content conceivably might lessen the effectiveness of the fumigant and 
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alter the final qualitative pattern. Fumigation treatments were confined 
to methyl bromide at the rate of 1 ml. per 1000 gm. of soil and for exposure 
periods up to and including four hours. The results of treatment are tabulated 
in Table XIV. Twenty-three fungous types were found in percentage con- 
centrations that showed little dominance by any one or by several types. 
Neither Penicillium nor Aspergillus species existed in the high proportions 
which characterized the Ottawa sandy loam soil, although the former did 
constitute the largest single percentage concentration. TJ. viride was very 
much reduced in percentage concentration compared with that in sandy loam 
soil. Thielavia species did not appear at all while Chaetomium cochliodes 
occurred throughout and comprised approximately 50% of survivals after 
four hours. Thus, it is seen that the ultimate effect of fumigation in these 
two soil types is much alike and the survival of Chaetomium and sterile isolates 
closely approximates the results of other tests. These types along with a few 
others have displayed quite consistently a degree of resistance that sets them 
apart from the general fungous flora. 


TABLE XIV 


THE EFFECT OF 1 ML. METHYL BROMIDE AT THREE EXPOSURE LEVELS ON TYPES 
. OF FUMIGATION IN A HIGHLY ORGANIC SOIL 


Exposure period in hours 


Type of fungus e | 1 | 2 | 4 


Approximate percentage concentration of fungous types 


Aspergillus 

niger 

Unidentified spp. 
Penicillium spp. 
Trichoderma viride 
Fusaria 
Chaetomium cochliodes 
Verticillium spp. 
Alternaria humicola 
Diplococcium resinae 
Myrothecium verrucaria 
Ghocladium roseum 
Coniothyrium fuckelii 
Sterile 
Undetermined types 
Cephalosporium sp. 
Trichocladium asperum 
Pestalozzia sp. 
Spicaria sp. 
Acrostalagmus sp. 
Graphium sp. 
Scopulariopsis spp. 
Mesobotrys sp. 
Acremonium sp. 
Stemphylium sarciniaeforme 
Pullularia sp. 


N 
aun 


wn 


* 
* 


| NNN 


* Percentage concentration of survivals not recorded. 
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A number of other fungous types, including species of Fusarium, Verti- 
cillium, Alternaria, Coniothyrium, and Stemphylium, appeared on Petri plates 
of controls of one-hour and of three-hour series, but all were inhibited by four 
hours of exposure. In fact, only eight types survived three hours of treat- 
ment. It is apparent from the data compiled in Tables X to XIV inclusive 
that methyl bromide is sufficiently fungicidal to ensure the inhibition of the 
majority of fungous types commonly plated out of soil solutions and this 
capacity recommends it as a valuable soil fumigant. Microbiological patterns 
occurred as a result of fumigation with ethylene dibromide, 50% 1,3-dichloro- 
propene mixture, and methy! bromide and from these, resistance-groups were set 
up. However, such patterns and groupings are not considered as absolute 
but rather as indicative of trends that might develop when soil is subjected 
to fumigant action. Further, more intensive study is required before final 
allocation can be made of any fungous type into a resistance group. 


Fumigation of 10 Fungous Isolates 


The survival of several fungous types at different levels of treatment 
suggested further investigation of their resistance to ethylene dibromide and 
methyl bromide which represent the least and the most effective fungicides 
tested. Accordingly, the following 10 fungi were selected: Penicillium 
vermiculatum, Trichoderma viride, Chaetomium globosum, Scopulariopsis 
brevicaulis, a yellow unknown, and species of Thielavia, Monosporium, 
Fusarium, Chaetomium, and Cladosporium. 


Experiment I 


Transfers of mycelium and spores were made to four replicates of ten 20-oz. 
dilution bottles containing Smith’s glucose nitrate soil extract agar. All 
bottles were sealed aseptically with rubber stoppers to prevent contamination 
and to retain gas during the period of treatment. Two of these were fumigated 
with ethylene dibromide at concentrations of 0.02 ml. and 0.2 ml. per bottle, 
respectively, and one replicate with methyl bromide at 0.1 ml. per bottle. 
The fourth replicate was untreated and retained as a control. The bottles 
were then incubated at 26° C. per 13 days. 

It was observed that even the weakly-fungicidal ethylene dibromide 
inhibited all isolates at a concentration of 0.2 ml. and as low as 0.02 ml. per 
bottle while methyl bromide inhibited the 10 isolates at a concentration of 
only 0.1 ml. per bottle. In comparison with the three fumigated replicates, 
each of the 10 controls isolated produced abundant vegetative growth and 
reproductive structures. On the 13th day these well-established colonies 
were in turn continuously fumigated for seven days with methyl bromide at a 
concentration of 0.2 ml. per bottle to test the effectiveness of this fumigant 
on colonies which possessed ascocarps and other reproductive structures in 
addition to a well-developed mycelial mat. Transfers of all isolates were 
then made to agar plates and incubated for an indefinite period during which 
no sign of growth occurred on any of the plates. Ascocarps failed to give 
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rise to new development and it was apparent that methyl bromide possessed 
sufficient toxicity to destroy even the most resistant fungi so far isolated under 
these experimental conditions. 


Experiment IT 


A second experiment was set up to test the effectiveness of ethylene 
dibromide and methyl bromide against the same 10 isolates when these were 
transferred to a medium of steam-sterilized soil plus Smith’s glucose nitrate 
soil extract agar, which was added to promote rapid growth of the isolates. 

Sufficient soil to cover the bottom of each 125-ml. Erlenmeyer to a depth 
of from } to 3 in. was sterilized by steaming under 15 to 17 lb. pressure for 
30 min., after which the Erlenmeyers were rubber-stoppered and set aside for 
24 hr. before Smith’s glucose nitrate soil extract agar was added. Sufficient 
of Smith’s medium was used to permit contact between the transferred isolate 
and the agar without flooding of the soil. Thus, soil surface was directly 
exposed to the fumigant when applied. Two parallel series of isolates were 
incubated for 24 hr. to permit initial development of the fungi to occur, before 
the cultures were fumigated continuously for 21 days with ethylene dibromide 
at 0.2 ml. and methyl bromide at 0.1 ml. per Erlenmeyer respectively. A 
third series received no treatment and was used as a control. Results of 
these treatments are shown in Table XV where growth is indicated by a 
(+) sign and no growth by a (—) sign. 

Twenty-one days of confined exposure to ethylene dibromide at 0.2 ml. 
per Erlenmeyer failed to inhibit the development of 9 of the 10 isolates, the 


TABLE XV 


EFFECT OF 0.2 ML. OF ETHYLENE DIBROMIDE AND 0.1 ML. OF METHYL BROMIDE ON 10 ISOLATES 
OF FUNGI IN 21 DAYS OF CONFINED EXPOSURE 


Period of exposure in days 


2 | 8 | 12 | 21 | 
Isolate 


Growth and development of isolates 


EDB MBr EDB MBr EDB MBr EDB MBr Control 


Penicillium 
vermiculatum 
Trichoderma viride 
Cladosporium 
Yellow unknown 
Chaetomium globosum 
Thielavia species 
Monosporium 
Fusarium 
Scopulariopsis 
brevicaulis 
Chaetomium sp. 


es 
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++ 


1+ 

++ 


Note: (+) and (—) signify growth and no growth respectively. 
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Fusarium species being the only one inhibited by the treatment. However, 
in all cases, the vegetative development was retarded and less abundant than 
that displayed by controls. Methyl bromide at-0.1 ml. per Erlenmeyer 
inhibited all isolates and no sign of development was perceived. 


It is interesting to observe the sequence of appearance according to tolerance 
and growth habits of the nine fungi in the ethylene dibromide series. Peni- 
cillium vermiculatum, Trichoderma viride, and Scopulariopsis brevicaulis 
developed in two days, whereas the Cladosporium isolate and the yellow 
unknown required approximately 21 days. Chaetomium globosum and the 
Thielavia species appeared in eight days while the second Chaetomium isolate 
did not appear until the 12th day. 


The presence of soil clearly reduced the fungicidal effectiveness of ethylene 
dibromide while displaying no effect on the efficacy of methyl bromide, which 
suggests the very important role that soil may play in fumigation tests. In 
experiments with chloropicrin (b. p. 112.2°C.), ethylene dichloride (b. p. 
83.5° C.), and carbon disulphide (b. p. 46.3° C.) Stark (17) eliminated the 
factor of distribution of the gas throughout the soil by rotating flasks and 
demonstrated that the higher the boiling point of the fumigant, the more it 
was adsorbed by the soil. He suggested that the apparent effectiveness of 
fumigants with high boiling points may be less in heavy soils than in sandy 
soils owing to the reduction of the gas concentration in the pore spaces where 
the organisms live. This reduction in the gas concentration of the soil 
atmosphere would be important because it represents a reduction in the 
effective concentration. Consequently, the percentage reduction in the 
numbers of fungi, bacteria, and actinomycetes would be less than expected if 
no soil were present and the isolates were treated in chambers containing a 
glucose-nitrate—soil-extract medium alone. On the other hand, Chisholm 
and Koblitsky (3) in 1943 found that the presence of sandy soil in a fumigation 
chamber increased the concentration of methyl bromide (b. p. 43° F.) in the 
atmosphere. The apparent correlation between the boiling point of a fumi- 
gant and adsorption by the soil seemingly explains why ethylene dibromide 
was so ineffective on the 10 isolates seeded on soil plus Smith’s glucose—nitrate— 
soil-extract agar, while completely effective on the same isolates seeded on 
the Smith's medium alone, and in addition explains why methyl bromide was 
equally effective in the presence of the sandy loam as in its absence. Where 
it is possible to employ methyl bromide under confinement, there is much to 
recommend it as a fungicide on the basis of all tests performed in the present 
work. 


Repopulation Studies 
Introduction 


The capacity of a fumigant to inhibit the majority of the soil fungi, irrespec- 
tive of their function in the soil, raises the question of how permanent and 
serious is this derangement of the soil microflora and what will be the pattern 
of the repopulation after fumigation. 
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Several workers (7, 8) who considered the problem of repopulation found 
that species of Trichoderma and green Penicillium became most abundant 
following steaming of soil and fumigation with chloropicrin. This limitation 
of the funguous population to a few species was pointed out by Waksman and 
Starkey (23) who suggested that, while they are almost completely destroyed 
by partial sterilization, they later re-established themselves in greater numbers 
than before. Martin (9) explained the repopulation of types originally present 
in the treated soil as due probably to the survival of spores or mycelium and 
to improved conditions in the soils. Whatever the pattern of this little- 
known process may be, it seems safe to assume, on the basis of numerous 
experiments which indicate improved plant growth of subsequent crops, that 
no permanent destruction of microbiological life is produced by soil fumigation 
and that the fungous, bacterial, and other populations will in time re-establish 
themselves. 

A limited exploration of this repopulation process was attempted in the 
present work with respect to the pattern of fungus repopulation and the 
percentage concentration of each type as indicated by plate counts, the 
immediate trend of bacterial repopulation and the ability of nitrifiers to 
recover after almost complete destruction by methyl bromide fumigation 
during a period of 12 hr. exposure. Quantitative analyses were made after 
the 12 hr. of exposure and after two weeks of aeration for the general surviving 
bacterial flora and after 12 hr. of exposure and two, four, and six weeks of 
aeration for nitrifiers. 


Experimental Results 


Results of repopulation experiments are summarized in Table XVI. Trends 
are shown during the first four weeks following a 12-hr. treatment with 0.2 ml. 
of methyl bromide per 1000 gm. of soil. The most striking increase was that 
of Aspergillus species, which in four weeks increased from 4% to 42% of the 
total plate counts. Penicillium species increased slightly, while Trichoderma 
viride changed very little. Simultaneous with these developments, there was 
a very definite drop, during four weeks of aeration, of numerous types which 
had survived 12 hr. exposure and continued with slight variations to form a 
percentage of the plate concentrations after two weeks’ aeration. The 
disappearance of many fungi, coincident with the increase in the Aspergillus 
population, is consistent with the appearance of these as the Aspergillus species 
were reduced by fumigation. There appears to exist a negative correlation 
between the aspergilli on one hand and a large body of other fungous types on 
the other. Aspergilli apparently place limitations on the growth and develop- 
ment of many other fungi in the soil. Monosporium species, which were so 
prevalent after 12 hr. of treatment, assumed lesser proportions after two and 
four weeks of aeration. Fusaria reappeared after two weeks of aeration and 
Thielavia maintained the same level until after four weeks of aeration, when 
it disappeared. 

Quantitatively, there was a steady rise in the plate counts as aeration was 
prolonged. According to plate counts the surviving population was very 
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TABLE XVI 


THE REPOPULATION PATTERN OF SOIL FUNGI FOLLOWING 12 HR. OF FUMIGATION WITH 0.2 ML. 
METHYL BROMIDE AND SUBSEQUENT AERATION FOR TWO AND FOUR WEEK PERIODS 


Approximate percentage concentration of fungous types 
Types of fungi After 12 hr. After 2 weeks’ After 4 weeks’ 
exposure aeration aeration 

Aspergillus spp. 4 30 42 
Penicillium spp. 3 3 10 
P. vermiculatum 11 
Trichoderma viride 10 16 14 
Thielavia spp. 3 3 — 
Mucorales 1 3 _ 
Fusarium spp. 3 
Monosporium spp. 48 _ 14 
Scopulariopsis spp. 4 16 —_ 
Sterile 2 _— 5 
Sporotrichum sp. 1 
Cladosporium sp. 2 _ _ 
Sorosporium sp. 2 
Myrothecium verrucaria 3 
Spicaria violaceae 3 
Tilachlidium sp. 3 
Unknown 8 14 14 
Control plate counts in thousands and percentage reduction 

Count 274 8 13 60 
Percentage reduction 97 95 78 


low (8000) after 12 hr. of exposure but it increased in four weeks to 60,000 per 
gm. of oven-dry soil, owing chiefly to the disproportionate increase of A sper- 
gillus species. The quantitative trend is shown in Table XVI. 


Repopulation tests on the bacterial flora showed an initial decrease in 
numbers and a subsequent increase that has so often been reported for soil 
treatments. Twelve hours’ exposure to 0.2 ml. per 1000 gm. of methyl 
bromide reduced the bacterial flora by 36% to 30 million. However, after 
two weeks’ aeration, the numbers increased and even exceeded that of the 
control samples. 


Nitrifiers were more seriously affected and showed little capacity to recover 
from the effects of methyl bromide fumigation. Sixty-eight per cent were 
eliminated in 12 hr. and this reduction increased, with aeration, to 80% and 
90% after two and four weeks respectively. The same high inhibition of this 
group continued even after six weeks of aeration. 

It might be argued at first glance that the fumigant showed residual effects. 
However, the properties of methyl bromide quite oppose this theory, inas- 
much as it is highly volatile and difficult to retain in the soil. The initial 
decrease of 68% is readily explained by the effective action of methyl bromide 
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as a fungicide, actinomycide, and bactericide. The subsequent rise to 80% 
reduction and then to 90% after aeration of the soil must be explained on some 
other basis, such as a disturbed microbiological balance that is unfavorable to 
nitrifiers, or an unfavorable environment created by accumulation of sub- 
stances toxic to nitrifiers. At any rate, the repopulation of nitrifiers appears 
to require much more time than was allowed in these experiments. 


Nematocidal Evaluation of Methyl Bromide and Ethylene Dibromide 


Introduction 


Considerable success has heretofore been reported in the control of root knot 
nematodes by soil treatments. The effective but expensive partial sterilization 
of soil by steaming has in recent years been supplemented by soil fumigation 
with several volatile chemicals such as propane—propene mixtures, ethylene 
dibromide preparations, chloropicrin, and methyl bromide. Newhall and 
Lear (12) showed that a DD mixture and a 10% ethylene dibromide prepara- 
tion at dosages of from 20 to 30 gal. per acre, applied in continuous rows 10 
or 12 in. apart, two or more weeks before sowing, controlled the root knot 
nematode. Both Godfrey et al. (5) and Taylor (21) reported the effectiveness 
of chloropicrin for root knot control if the galls were disintegrated prior to 
treatment. Carter (2) announced that DD mixture did the work of con- 
trolling root knot in pineapples in Hawaii at much less expense than chloro- 
picrin. Methyl bromide, likewise, has been demonstrated to possess nemato- 
cidal properties. Stark and Lear (18) showed that methyl bromide penetrated 
the intact galls effectively and gave excellent control. Stark, Lear, and 
Newhall (19) found further that beets could be set out without loss 48 hr. 
after treatment with methyl bromide. 


Methods and Materials 


The present experiment was designed to test the efficacy of methyl bromide 
and ethylene dibromide as nematocides at concentrations ranging from 0.2 
to 1 ml. per 1000 gm. of soil under conditions comparable to those employed 
in work on fungi, actinomycetes, and bacteria. A stock of nematode-infested 
soil and a supply of infected snapdragon roots were well mixed to obtain even 
distribution of nematodes throughout and twenty 1000-gm. portions of this 
were then weighed into fumigation jars. Two series of five samples each were 
run for ethylene dibromide and one series of five samples for methyl bromide. 
Concentrations employed were 0.2, 0.4, 0.6, 0.8, and 1 ml. per 1000 gm. of 
soil. Five untreated samples were used as controls. One series of ethylene 
dibromide and the methyl bromide series were left undisturbed after the 
addition of the fumigant, while the second series of ethylene dibromide was 
agitated for five minutes immediately after the addition of the fumigant in 
conformity with the procedure adopted in other work. At the end of an 
exposure period of one week each sample was transferred to a sterilized earthen 
pot and aerated prior to planting, two weeks being allowed for ethylene 
dibromide and one week for the methyl bromide series. Following this period 
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of aeration, the 20 pots were planted with snapdragon seedlings, which were 
then permitted to grow under greenhouse conditions for nine weeks. Periodic 
observations of plant growth in each series were made and, at the end of the 
nine weeks, root systems were examined for galls. Infection found was 
expressed in terms of the number of galls per unit root weight on an oven- 
dry basis. 


Observations and Results 

A month after the snapdragon seedlings were planted, control plants showed 
symptoms of attack, including browning and wilting of leaves and finally a 
die-back of branches and stems. Ill five control plants were definitely inferior 
to those in treated pots. At least one stem per control plant showed die-back 
with branches bearing leaves that were obviously paling at their bases. 
Development of the remaining stem in the control plants progressed very 
slowly and after nine weeks the plants had reached their ultimate in height 
and foliage. A further extension of time would most probably have resulted 
in death of the entire plant in each case. 

In contrast with the control plants, the development of plants in the 
treated series was rapid and luxuriant with large deep-green leaves on long 
stout stems characterizing all plants. Blossoming occurred in late December. 
Table XVII shows this development in terms of height, number of stems, and 
root weight and, in addition, the number of galls found on each root system, 
which is expressed as an average per 0.1 gm. of root weight on an oven- 
dry basis. 

A much greater growth of plants occurred in the ethylene dibromide treated 
soil than in either methyl bromide or control pots. The total height of 
ethylene dibromide plants is 135% greater than methyl bromide plants and 
300% greater than that of control plants. The effectiveness of the fumigant 
as a nematocide is in direct proportion to the total height of the plants. The 
explanation of this superior growth and development apparently lies in the 
greater and healthier root development of ethylene dibromide plants. The 
average oven-dry weight of ethylene dibromide plants was 0.1737 gm. and 
there was no gall formation. Methyl bromide root systems averaged 0.0568 
gm. per plant and showed several gall formations. The presence of die-back 
in three other plants suggests that some nematode action probably existed. 
The root systems of all control plants were heavily infested and an average 
of 130 galls per 0.1 gm. of oven-dry root was found. 

The results of this experiment indicated that ethylene dibromide is more 
effective than methyl bromide in the control of root knot nematodes and 
promotes either directly or indirectly a more rapid and luxuriant growth of 
stem, leaves, and root. Traces of gall formation on the roots and die-back of 
one stem on three plants in methyl bromide treated soil indicated incomplete 
inhibition of nematodes by that treatment. 
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Complete testing of the nematocidal efficacy of these two fumigants would 
involve the inclusion of other nematode genera. Since this has not been done 
in the present investigation, methyl bromide and ethylene dibromide are not 
rated, even though they gave excellent control of the root knot nematode. 


Summary and Discussion 


The efficacy of pure ethylene dibromide and two commercial formulations, 
W-85 and H-9138, a 50% 1,3-dichloropropene mixture, and methyl bromide 
as fungicides, bactericides, and actinomycides was determined. This was done 
quantitatively in terms of the percentage reduction in numbers of fungus, 
bacterial, and actinomycete populations as affected by two variable factors 
(a) concentration in ml. per 1000 gm. of soil and (0) exposure period in hours, 
and qualitatively in terms of the types and their percentage concentration of 
plate counts at each level of treatment. The effect of soil moisture and of 
soil type on the efficacy of methyl bromide as a fungicide was assessed. Three 
new concepts were introduced to facilitate the interpretation of data obtained: 
(1) the critical exposure concentration, defined as the concentration of a 
fumigant required to reduce the population of a particular microbiological 
group by 90% in a specific period of time; (2) the critical exposure period, 
defined as the period of confined exposure of a quantity of soil (herein 1000gm.) 
to a fumigant at a specific concentration required to reduce the population of 
a particular microbiological group by 90%; (3) the efficiency index, which is 
the product of the critical exposure concentration and the corresponding 
critical exposure period of a fumigant in any one of the three capacities for 
which it is used. The latter value for a concentration of 1 ml. per 1000 gm. 
of soil and its corresponding critical exposure period was used to rate fumigants 
in one of four classes: (a) high (1-12), (6) medium (13-48), (c) low (49-96), 
and (d) poor (greater than 96). 

The rating of each fumigant is shown in the accompanying Table XVIII. 
Methyl bromide proved to be the most active and effective fumigant in all 
three capacities, while pure ethylene dibromide and its commercial formula- 
tions, W-85 and H-9138, were the least effective. The 50% 1,3-dichloro- 
propene mixture made its best showing as a fungicide, rating medium in this 
capacity, whereas its bactericidal effectiveness is low. At a concentration 
considerably above that recommended in actual practice and at exposure 
periods 6 to 12 times that required for methyl bromide at the same concentra- 
tion, this propane—propene mixture did effect inhibition of most types inhibited 
by methyl bromide, but such a practice would not be economical. 

On the basis of quantitative data respecting their resistance to ethylene 
dibromide fumigation, the fungous and bacterial populations fell into two 
large groups, susceptible and resistant, which comprised roughly two-thirds 
and one-third of the total populations in each case. A large proportion of 
the susceptible group was eliminated in one hour of exposure to 0.2 ml., the 
lowest concentration employed, while approximately 10% showed high 
resistance to, or toleration of, fumigation. Qualitative analyses of the 
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fungous flora showed that the very susceptible group of fungi was composed 
mainly of aspergilli and penicillia, while species of Fusarium, Sorosporium, 
Myrothecium, Graphium, Cephalosporium, Spicaria, Byssochlamys, Scopu- 
lariopsis, Pullularia, Coniothyrium, Diplococcium, Alternaria, Gliocladium, and 
Monosporium are considered to be representative of the bulk of fungi either 
susceptible or moderately susceptible to fumigation by 50% 1,3-dichloro- 
propene mixture and methyl bromide. An interesting feature of the qualita- 
tive analyses was the effective alteration of the microbiological balance in the 
Ottawa sandy loam soil from one characterized by a predominance of aspergilli 
and penicillia and a paucity of other types, as shown by plate examination, to 
one favoring types, belonging to the latter group, which possess various 
degrees of resistance to fumigation. It was noted that the actual numbers 
of aspergilli and penicillia were not necessarily reduced on the plates showing 
increased percentage concentration of less susceptible and tolerant types, 
which excludes the possibility of plate overcrowding and competitions for 
substrate as the reason for the change in the microflora. Rather, it points to 
a changed environment consequent to a disturbed microbiological balance, 
with its characteristic interactions of both an antibiotic and stimulatory 
nature, which permitted the development and multiplication of these types 
within the soil. Further, it was noted that, as the level of treatment with 
50% 1,3-dichloropropene mixture and methyl bromide was increased, the 
aspergilli and penicillia continued to form a smaller proportion of the fungous 
population and the intermediately susceptible and resistant types were in 
turn inhibited, leaving a highly resistant group of fungi representing approxi- 
mately 10% of the fungous population. This latter group became segregated 
only at concentrations and exposure periods above the critical exposure period 
which gave 90% reduction quantitatively. Methyl bromide, for example, 
gave very satisfactory reduction in numbers of fungi at 0.2 ml. per 1000 gm. 
of soil after eight hours of exposure but an additional eight hours was required 
to reduce the fungous population to the point where only the several resistant 
types remained. Whether such prolongation of exposure is warranted depends 
in the first instance on the parasitic potentialities of the resistant types surviv- 
ing fumigation. The data, however, show the absence, at exposure periods 
slightly greater than the critical exposure period, of the fusaria that commonly 
parasitize so many crops. While other plant pathogens were not represented 
in the soil analyses made, the application of methyl bromide for exposure 
periods equivalent to the critical exposure period, or only slightly greater, 
might well be considered sufficient in many fumigation projects. 

The resistant group includes the following: Trichoderma species (viride, in 
particular), Penicillium vermiculatum, Thielavia, and Chaetomium species, and 
some species of aspergilli. These generally constituted the bulk survivals at 
high levels of treatment but others including species of Chaetomidium, Sor- 
dariopsis, and sterile types also appeared to possess considerable resistance. 
An analysis of a soil with a high organic matter content showed Chaetomium 
cochliodes and a sterile type to be most resistant. 
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The fungous flora of the peat sample differed from that of Ottawa sandy 
loam in several respects. First, platings made from control samples of peat 
soil showed a low percentage concentration of Aspergillus species and the 
percentage concentration of Penicillium species was only 26%. At the same 
time, 14 other fungous types appeared on these control plates in fairly uniform 
percentage. In contrast, control plates of Ottawa sandy loam soil showed a 
high percentage concentration of both Aspergillus and Penicillium species 
and relatively low concentrations of other fungous types. The greater 
number of fungous types on control plates when the percentage concentrations 
of aspergilli and penicillia are low is cited as further evidence of an inhibiting 
effect that the latter two groups seemingly have on a large part of the fungous 
flora. Secondly, neither Thielavia basicola nor P. vermiculatum appeared at 
any level of treatment in the peat soil. 

The soil moisture level did not materially affect the efficacy of methyl 
bromide as a fungicide whereas soil type appeared to be a factor requiring 
consideration in any fumigation project. A soil with a high organic matter 
content and water-holding capacity required a greater exposure period at a 
given concentration to produce a 90% reduction in numbers than did the 
sandy loam soil. This delay is ascribed partly to adsorption of the fumigant 
by organic matter and partly to the increased volume of soil handled relative 
to that of the sandy loam. It seems advisable to increase both the concen- 
tration and exposure period above that used for sandy loam soils when fumigat- 
ing soils high in organic matter for disease control. The influence of a sandy 
loam soil on the effectiveness of ethylene dibromide was demonstrated by 
seeding two series, each of 10 fumigation chambers containing Smith’s glucose 
nitrate soil extract agar, and one series containing sterilized soil plus Smith's 
medium, with 10 isolates possessing varying degrees of resistance to fumigation. 
Whereas, ethylene dibromide inhibited all 10 isolates in the first two series, in 
21 days of exposure it inhibited only one isolate grown on soil plus Smith's 
medium. This indicated that soil is an important factor in the survival of 
fungi to fumigation with chemicals possessing a high boiling point. Methyl 
bromide, which has a low boiling point of 43° F. was, on the other hand, 
equally effective in both cases at a concentration as low as 0.1 ml. Adsorption 
by the soil is considered to be a contributing factor to the reduced effectiveness 
of ethylene dibromide here, whereas methyl bromide is little affected by 
this phenomenon. 

The actinomycete population proved to be the most resistant of the three 
groups to fumigation and prolonged the critical exposure period for methyl 
bromide at a concentration of 1 ml. per 1000 gm. of soil almost to 12 hr., which 
is the limit for a high rating. Of the four physiological groups of bacteria 
studied, the nitrifiers were most seriously inhibited, while denitrifiers showed 
considerable resistance with a critical exposure period at 0.2 ml. of over 96 hr. 
Lengthy exposure to methyl bromide completely inhibited cellulose decom- 
posers. However, under normal conditions of fumigation at a concentration 
of 0.2 ml. per 1000 gm. of soil, and for exposure periods of less than 24 hr., 
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preferably less than 12, the destruction of these important bacteria need not 
be excessive. It is possible that the disturbed microbiological balance result- 
ing from methyl bromide fumigation is partly responsible for any decrease in 
the nitrate concentration and simultaneous increase in the ammonium- 
nitrogen percentage concentration that might occur. 

Repopulation studies showed a quick recovery of Aspergillus species after 
methyl bromide fumigation while P. vermiculatum and Thielavia species dis- 
appeared. Other Penicillium species increased. Trichoderma viride remained 
quite constant during the first four weeks of repopulation. 

Tests were run to compare the nematocidal properties of ethylene dibromide 
and methyl bromide. Several series of soil samples, heavily infested with 
the root knot nematode, were treated with 0.2 ml. of either fumigant per 
1000 gm. of soil and after appropriate exposure and aeration periods were 
planted with snapdragon seedlings. Observation of these indicator plants 
during their development and the examination of the root systems showed 
ethylene dibromide to be superior to methyl bromide which gave incomplete 
control. In addition, all plants in the two ethylene dibromide series showed 
more luxuriant growth than those in the methyl bromide series of which 
several plants appeared retarded. While ethylene dibromide falls far short 
of being adequate as a fungicide, bactericide, or an actinomycide, its nemato- 
cidal properties give it an important place among the fumigants. 
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AIR-BORNE FUNGI IN THE ARCTIC AND OTHER 
PARTS OF CANADA! 


By S. M. Papy? anp L. Kapica 


Abstract 


Quantitative and qualitative studies were made of the fungi in the air over 
various parts of Canada and Alaska, continuing studies in arctic aerobiology. 
In winter, arctic air is apparently sterile: in summer, at Ft. Churchill, Man., 
ground level samples varied from 0.5 to 4.4 per cu. ft. Cladosporium was the 
commonest fungus (average 0.5 per cu. ft.), followed by yeasts (0.16), Penz- 
cillium (0.06), and Stemphylium (0.03 per cu. ft.). Other fungi present were 
Pullularia, Botrytis, Aspergillus, Verticillium, Pyrenochaete, Helminthosporium, 
Phyllosticta, Papularia, Cunninghamella, and Sporormia. Of 3711 colonies 57% 
failed to sporulate. Silicone slide readings as high as 114.9 fungus spores per 
cu. ft. were obtained and included the following: yeasts (8.6), Cladosporium 
(3.8), smuts (2.5), Fusarium (0.6), Alternaria (0.06 per cu. ft.), Venturia, 
Cercospora, Septoria, rusts, a Sordaria, and Pleospora and many 
hyaline one-celled spores. In two flights to Resolute Bay, N.W.T., the flora was 
found to be similar to that at Ft. Churchill but numbers did not exceed 1 per 
cu. ft., although readings up to 78 fungus spores per cu. ft. were recorded on 
slides in warm air over Hudson Bay. Most of the fungi are considered to be 
soil types originating in agricultural areas and carried northward by southerly 
winds. The majority are no longer viable when they reach the arctic. There 
is evidence that the numbers of aol are correlated with air masses, not only 
in the arctic but also in air over other parts of Canada. 


Introduction 


Our interest in the fungi of the air, and particularly in the fungi in arctic 
air, began in 1947 with a series of exposures of plates and slides by hand in 
four flights in various parts of the Canadian arctic (14, 11,12). The bacteria 
and fungi were isolated and identified: although there was some contamina- 
tion due to faulty exposure technique (8), the presence of soil inhabiting fungi 
was indicated (8). It seemed desirable to undertake quantitative studies of 
the futigi in the air over the arctic. 

In 1948 studies were commenced on various sampling devices with particular 
reference to their installation in aircraft. With the assistance of engineers of 
the R.C.A.F. Squadron 426, based at Dorval Airport, Montreal, satisfactory 
methods were worked out for bringing air from the outside of the aircraft into 
the interior where it could be sampled. Through 1948 and 1949 numerous 
test flights were made over various parts of Canada to develop procedures 
and techniques. Asa result of these numerous trips a large body of data was 
obtained on the efficiency of various samplers, types of media, and length of 
exposure (5). Controls were used both on media and on the handling of 
the plates. 

When satisfactory methods were worked out arrangements were made for 
flights in the arctic. In 1949 some samples were taken in the Canadian arctic 
and considerable information was obtained. By 1950 it became apparent 
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that it would require either a greater number of flights or ground level sampling 
in order to obtain the amount of data needed to ascertain the numbers and 
types of both bacteria and fungi present. In 1950 ground level sampling was 
instituted at Ft. Churchill, Man., from mid-July to mid-August, samples 
being run throughout the day from the roof of a hangar 55 ft. above the ground. 
During this period two sampling flights were made to Resolute Bay, N.W.T. 
In March, 1949, arrangements were made with the U.S.A.F. for samples to 
be taken over the Arctic Ocean and on March 28 and March 29, 1949, flights 
were made over the Arctic Ocean, using both quantitative and qualitative 
methods. Data on the numbers of bacteria and fungi have already been 
published (10, 4, 13). , 

The purpose of this paper is to provide information on the fungi that were 
obtained in the above-mentioned flights. An attempt has been made to 
summarize the data on the various kinds of fungi on a volumetric basis. 
Owing to the large number of samples that were taken and the problems 
involved in subculturing and culturing, particularly of those colonies which 
were nonsporulating, it was not possible to identify all of the fungi, and in 
most of the work reported here they have been identified only as far as genera. 


1. Fungi in Air Over Boreal Canada 
(a) Summer 


The fungi in the air in summer are typified by the detailed analysis of one 
trip made August 22-24, 1949, from Montreal, Que. to Whitehorse, Yukon, 
and return, with stopovers at Winnipeg and Edmonton (Table 1). During 
these three days a total of 62 samples was made. The over-all average of the 
fungi from the filters that were used gave a reading of 2.6 fungi per cu. ft. 
(based on colonies when the filters were plated out). The McGill-GE sampler 
averaged 6.1 fungi per cu. ft. for the 6000 mile three-day trip. The silicone 
slides also exposed in the McGill-GE sampler had an average reading of 
47.6 fungus spores per cu. ft. Seven controls were used and all but one 
remained sterile. By exposing silicone slides it was possible to obtain addi- 
tional information that was not available by the plate method. Rust and 
smut spores, for example, are readily located on the slides, but would normally 
not be represented on the plates. In Table I the results of the slides and the 
plates from the McGill-GE sampler are placed together for the various parts 
of the flight. The fungi most frequently found are calculated on a cu. ft. 
basis: where fungi occurred infrequently, only their presence was indicated. 

Smut spores were highly variable, readings over Ontario being very high 
(up to 17.3 per cu. ft.) while over parts of the prairies they were low (0.9 
per cu. ft.). Alternaria spores were common on slides but in the plates 
colonies were few. Hyphae were present on all but one slide. Nonsporulat- 
ing colonies were frequent in all plates, 26% failing to produce spores. Fungi 
in the air in summer are abundant, both qualitatively and quantitatively, 
but a wide variation is characteristic. This variation is considered to be 
correlated with different air masses (4). 
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TABLE I 


FUNGI PER CU. FT. FROM FLIGHT FROM MONTREAL TO WHITEHORSE, YUKON, 
Avucust 1949. ALtiTruDE 9000 Fr. APPROXIMATELY 


Montreal Winnipeg Edmonton Whitehorse Edmonton Winnipeg 
Trip to to to to to to 
Winnipeg Edmonton Whitehorse Edmonton Winnipeg Montreal 
Date Aug. 22 22 23 23 24 24 
Sample Pl.* | Pi. Sl. Pl. Sl. Pl. Sl. Pl. Sl. Pl. Sl. 
Number 10 1 5 1 5 1 5 1 5 1 9 1 
Cladosporium 2.6 1.4 | 15.1 |105.5 0.6 | 13.5 2.2 | 10.3 8.3 7.9 4.8 34.0 
Alternaria 0.3 | 4 2.8 0.03) 0.9 0.04) 1.6 _ 0.7 
Stemphylium — 0.09} — 0:05) — — — 
Penicillium 0.045 — 0.02; — 0.05; — 0.02; — 0.02; — _ _ 
Nonsporulating 0.2 0.3 0.07}, — 0.2 0.8 0.3 
Smuts 11.6 2.8 0.7 1.6 0.9 47.3 
Sclerotium (Botrytis?) -- _ P P -- 
Total per cu. ft. 3.9 | 16.3 | 16.3 |123.8 8.2 | 22.3 2.6 | 20.9 9.7 132.2 5.6 90.0 
* Pl. = Nutrient plate with Czapek’s agar. 
** Sl. = Silicone slide. 
*** P = Present but too few to be calculated. 


(b) Trips in Other Seasons 


Three trips were made from Montreal to Whitehorse on Oct. 21-23, Dec. 
27-29, 1948, and March 7-9, 1949. The over-all average of fungi for these 
three trips was 0.2, 0.1, 0.3 per cu. ft. for the McGill-GE sampler and 0.7, 
0.07, 0.17 per cu. ft. for the filters. Slide counts were made only during the 
October trip. In this trip not only were numbers low but many plates were 
sterile (18 out of 69). On the slides exposed over the prairies between Winnipeg 
and Edmonton in October large numbers of smut chlamydospores (Ustilago) 
were found. Five slides averaged 155.5 smut spores per cu. f{t., with one 
having a high reading of 277.4 per cu. ft. and one having practically no smut 
spores whatsoever, evidently having been just beyond the area where the 
smut spores were concentrated. At this time of the year, harvest was in 
progress over the northern parts of the agricultural areas in Manitoba, 
Saskatchewan, and Alberta and this may account for the large numbers of 
smut spores present at this time. 
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In the December 27-29 trip very low numbers were obtained. Sixteen 
out of 43 exposures in the McGill-GE sampler had no colonies whatsoever and 
the average for the entire trip was 0.1 fungi per cu. ft. No slides were 
exposed at this time. Cladosporium was conspicuous by its absence. Some 
colonies of Penicillium, Aspergillus, yeasts, and actinomycetes were present. 
The controls were sterile for the most part but had one or two colonies: these 
were Penicillium and actinomycetes. The low numbers obtained and the 
presence of some fungi in the controls suggest that the air was virtually sterile 
at that time and the numbers obtained may have been due to contamination. 

In the March 7-9 trip the numbers were still low but were higher than on 
the two preceding trips and the over-all average for the McGili-GE sampler 
was 0.3 fungi per cu. ft. All of the exposed agar plates had fungus colonies 
and not a single sterile plate was obtained: Cladosporium appeared occasion- 
ally; Alternaria was found a few times; Penicillium was common; Asper- 
gillus, yeasts, and actinomycetes were present but not in large numbers. In 
the six controls one was sterile, and the others had two colonies each, these 
being Penicillium, Aspergillus, and actinomycetes. 

It would appear that the air in winter over the boreal regions has extremely 
low numbers of fungus spores and in certain areas is completely sterile. 
Cladosporium is absent and the fungi which appear to be in the air are yeasts, 
Penicillium, and actinomycetes. The presence of some of these fungi in the 
conirols suggest that their appearance in some of the plates may be due to 
contamination, but the considerable number of sterile plates in the December 
and October trips would indicate that the technique of making the exposures 
was satisfactory. 


2. Arctic 
(a) Winter 

In March, 1949, arrangements were made for a winter flight from Fairbanks, 
Alaska, over the Arctic Ocean with the U.S.A.F. It‘was decided that as far 
as possible samples would be taken en route to Fairbanks and return in order 
to obtain comparative data. On March 17, samples were taken between 
Montreal and Edmonton. In this part of the flight the numbers were the 
lowest obtained in any of the winter flights. They varied from 0.01 to 0.06, 
averaging 0.02 fungi per cu. ft. with the majority of the plates remaining 
sterile, even after 30 min. exposure. The fungi obtained were similar to those 
mentioned earlier. From Edmonton the remainder of the flight was made 
with the U.S.A.F. to Fairbanks, Alaska, but no samples were taken on this 
part of the flight. 

For the projected trip over the Arctic Ocean it was planned to install our 
apparatus in a B29 Superfortress. Between March 18 and 28 two types of 
apparatus were installed, the equipment currently in use (McGill-GE sampler 
and filter) and a mechanical sampler for holding silicone slides in the air 
stream (5). Because of the low temperatures, sterile silicone plates were used 
instead of agar plates, sterile agar being added when the exposed plates were 
returned to the laboratory at Montreal (9). 
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The results of the flight on March 28 from Fairbanks over the Arctic Ocean 
are recorded in Table II. It is significant that in hour-long exposures of 
plates three of five sets were completely free from colonies and only three 


fungus colonies were present in the remaining plates. 


There were no fungus 


spores observed on any of the six slides exposed, and the coritrols were sterile. 


FUNGI FROM EIGHT HOUR FLIGHT FROM FAIRBANKS 


TABLE II 


OVER 


Arctic OcEAN, Marc# 28, 1949 
Samples Fiiter Plate Slide 
Number samples 5 a 6 
Number colonies 11 3 _ 
Number fungus spores 
Number per cu. ft. 0.03 0.02 —— 
Penicillium 0.01 
Yeasts 0.01 _ 
Actinomycetes 0.01 — 
Nonsporulating 
Phyllosticta 
Pollen 3 


* Three plates had no colonies, controls sterile. 


TABLE III 


FUNGI FROM FLIGHT TO FAIRBANKS OVER NorTH POLE ON MARCH 
29, 1949. ExPposURES OF ONE HOUR, ALTITUDES 
5000 Fr. AND 10,000 Fr. 


Sample Filters Plates* Slides 
Number samples 13 ad 15 
Number colonies 75 5 _ 
Number per cu. ft. 0.1 0.01 _ 
Number fungus spores _ _ 14 
Cladosporium 0.01 _— 1 
Alternaria 1 
Stemphylium 
Penicillium 0.01 
Aspergillus 0.01 
Yeasts 0.01 
Actinomycetes 
Rhizopus 
Pyrenochaete P 
Endobotrya 
Nonsporulating P 
Smut spores 6 
Rust spores 3 
Unidentified spores _ _ 3 
Pollen 19 


*Four controls: three sterile, one with two colonies. 
** Twelve plates had no colonies. 
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On March 29 a flight was made from Fairbanks over the North Pole and 
return, hour-long samples being made throughout the flight. The results are 
summarized in Table III. Again most of the plates (12 out of 14) were free 
from fungus colonies and in two plates five colonies developed. Eight of the 
15 slides had no fungus spores and 14 spores were counted on the remaining 
seven slides. 


The filters in both trips gave higher numbers than the McGill-GE sampler 
(compare Tables II, I1I]). From work carried on in the summer of 1950 in 
the arctic it was established that the efficiency of the filter was very low (10). 
In the March 29 trip the filters gave results that were 11 times higher than the 
McGill-GE sampler. It is believed that the filters were either not sterile or 
that contamination resulted during plating. Contamination may also account 
for some of the colonies in the plates since in the second flight two colonies 
were present in the controls and, moreover, of the five colonies one was 
Rhizopus and the others Aspergillus and Penicillium. All three are common 
laboratory contaminants and Rhizopus and Aspergillus are not common in 
arctic air, particularly in winter. 

Further evidence for contamination is found in a study of the slides where 
the few spores present might have fallen on the slides in the laboratory when 
the box was opened preparatory to adding a cover glass for examination. In 
addition, nine of the 14 spores were smut and rust spores, the presence of 
which in air over the Arctic Ocean in winter is rather unlikely. Some data 
from pollen grains were obtained from the slides and are included here because 
they provide further evidence of contamination. Pollen grains, even in 
summer, are few in number compared with fungus spores (Table III) yet in 
both flights pollen grains were more numerous than spores. In the flight of 
March 28 when no fungus spores whatsoever were present three pollen grains 
were found. In the writers’ opinion the numerous plates and slides which 
bore no evidence of colonies or spores even on hour-long exposures is an 
indication that the arctic air sampled on these two trips was completely sterile. 


(b) Summer 
(1) Baker Lake, July 19, 1949 


A single flight was made from Ft. Churchill to Baker Lake, N.W.T., in a 
Dakota aircraft. Very low numbers were obtained from the 11 samples that 
were made. These were as follows: four filters gave an average of 0.3 fungi 
per cu. ft.; six plates from the McGill-GE sampler averaged 0.59 fungi per 
cu. ft.; one silicone slide in the McGill-GE sampler had a reading of 15.8 
fungus spores per.cu. ft. Of the fungi present Cladosporium was the only 
one in quantity. In the plates the average number of Cladosporium colonies 
was 0.1 per cu. ft., yet from the one slide a reading of 13.9 Cladosporium 
spores per cu. ft. was obtained, due in large part to a single clump of 40 
Cladosporium spores. Alternaria spores were present on the slide (0.5 per 
cu. ft.) but no cultures were obtained. Other fungi present in the plates were 
Penicillium 0.05, Stemphylium 0.02, Aspergillus 0.01, and yeasts 0.02 per 
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cu. ft. Twenty of the 54 (37%) fungus colonies in the plates from the 
McGill-GE sampler did not sporulate. In addition there were on the slides 
smut spores (0.25 per cu. ft.) and fungus hyphae (0.5 per cu. ft.). 

While the data from this flight are incomplete, they represented the first 
quantitative data taken of fungi in arctic air in summer. The data suggest 
that there were numerous dead spores in the air and also that many of the 
colonies were unable to produce spores. Numbers of samples, however, were 
not sufficiently large for comparison with the boreal conditions, but they 
indicate that under the conditions at the time of sampling the numbers in 
the air were low. 


(2) Ft. Churchill, Manitoba, 1950 


The purpose of the studies at Ft. Churchill was to obtain a large number 
of samples of arctic air under summer conditions. Since flights were not 
available, it was decided to take samples daily at ground level. Accordingly, 
the roof of the R.C.A.F. hangar at the edge of the runway at Ft. Churchill 
was utilized. This position was 55 ft. from the ground and about one mile 
from the shore of Hudson Bay. Samples were taken throughout the day 
from July 23 to August 12. It was planned to use all of the samplers, but 
during the first day the GE sampler became unserviceable and was not repaired 
until toward the end of the sampling period and the results reported here do 
not include those taken by this method. In the slit sampler, silicone slides 
were used in addition to plates. This method proved to have a big advantage 
over the exposure of slides in the GE sampler as it concentrated the spores in 
a smaller area and permitted the use of high power when examinations were 
made. Twenty filters were exposed, the sampler being run continuously all 
day long with 400-500 cu. ft. being drawn through. In the slit sampler, 73 
plates were exposed, usually for 15 or 30 min. at an air flow of 1 cu. ft. per min. 
Twenty-five silicone slides were exposed at the same rate. 


The filters had numbers varying from 0.01 to 0.72 fungi per cu. ft., with an 
average of 0.22 fungi per cu. ft. A total of 2164 colonies was examined from 
the filters. From the slit plates 3711 colonies were examined, which varied 
in number from 0.06 to 9.33, averaging 1.94 fungi per cu. ft. One control 
per day was run for sterility. The majority of the controls were sterile but 
occasionally one or two colonies appeared in seven of the controls. Table 1V 
presents data on the numbers and types of fungi obtained by an analysis of 
the 3711 colonies obtained from the slit sampler. Where possible the various 
kinds of fungi have been calculated on a cubic foot basis. In cases where the 
number of colonies was infrequent, the actual number is given. The com- 
monest fungi in the plates were Cladosporium, yeasts, Penicillium and Stem- 
phylium, with 57% of all colonies nonsporulating. Eleven other genera were 
also present occasionally (Table IV). Moss protonemata appeared in 18 
plates, particularly in those exposed in August. 


On the silicone slides the average number of fungus spores for this period 
was 31.49, with a minimum of 1.7 and a maximum of 114.9 per cu. ft. The 
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genera present on the slides have been calculated on a cubic foot basis, and 
because of the great variation which was found the minimum and maximum 
numbers have been included, as well as the days on which the sample was 
taken (Table IV). The commonest fungi on the slides were yeasts, Clado- 
sporium, smuts, Septoria, rusts, and Alternaria. Several fungi appeared on 
the slides but not in the plates. In addition to Septoria, Ustilago, and 
Fusarium referred to in Table IV, there were spores of Venturia, Sporormia, 
Sordaria, Pleospora, Leptosphaeria, and many unidentified spores, chiefly 
small one-celled hyaline types. Both Sporormia and Sordaria are copro- 
philous and are present locally on rabbit dung. Their absence from cultures 
may have been due to the fact that they are slow growing and develop only 
at low temperatures (8). 

Numerous interesting biota also occurred on the slides, including an ascus 
with eight thin-walled spores of the Fusarium type, capillitial threads, 
numerous clumps of fungus spores occasionally associated with hyphae, hyphal 
fragments, conidiophores, pollen grains, and moss spores. The moss spores 


TABLE IV 


NUMBERS OF FUNGI PER CU. FT. FROM 3711 COLONIES IN 73 PLATES FROM 2209 CU. FT. OF 
AIR, AND 25 SLIDES, EXPOSED IN SLIT SAMPLER ON HANGAR ROOF, 
Fr. CHURCHILL, MAN., FROM JULY 23 To AuGust 12, 1950 


Slides 
Plates Remarks 
Min. Date | Max. Date Av. 

Cladosporium 0.5 0.4 July 31 | 25.9 | Aug. 4 | 3.8 Maximum in tropical air 

Alternaria 42* — — 1.0 | Aug. 10 | 0.06 | Present in only 7 out of 23 slides 

Stemphylium 0.03 0.7 Aug 10 | 0.05 | On 7 slides only 

Rusts — 0.04 | July 29| 4.8 | Aug.10 | 0.62 | Present on all but 3 slides. Type not 
identifiable. Occasional Puccinia 
graminis and P. triticina 

Smuts _ 0.1 Aug. 8} 19.5 Aug. 4 2.8 Ustilago on all slides but one 

Yeasts 0.1 0.6 Aug. 8} 73.4 Aug. 10 | 8.6 Abundant. Some may be smut cultures 

Penicillium 0.06 Not recognizable on slides 

Fusarium _ _ - 3.5 | Aug 10 | 0.6 Common on slides, rare in culture 

Septoria 9.6 | Aug. 10 Sometimes abundant but never in culture 

Hyphae 0.1 Aug. 10} 1.3 | Aug. 11 0.2 Conidiophores 


Fungi of infrequent occurrence in plates (left), and slides (right) 


Papularia 
Cunninghamella 


Pullularia 36* Venturia on 9 slides 
Actinomycetes 12 Helminthosporium on 5 slides 
Botrytis 7 Leptosphaeria on 5 slides 
Aspergillus 4 Sporormia on 4 slides 
Verticillium 3 Sordaria on 2 slides 
P-yrenochaete 2 Pleospora on 1 slide 
Helminthosporium 1 
Phyllosticta 1 

1 

1 


* Colonies. 
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were common during August and were at first confused with rust spores so 
that some of the readings for rust spores referred to in Table IV may actually 
be moss spores. Fresh moss spores had a characteristic yellow color but 
older spores in which the contents were lacking were almost indistinguishable 
from rust spores. Pollen grains were present on each slide, varying from 
0.04 to a maximum of 6.5 on August 10, averaging 0.56 per cu. ft. 


From the large number of samples obtained at Ft. Churchill, there appears 
to be a very definite correlation between numbers and temperatures, and 
probably with air masses as had been pointed out in an early publication (10). 
On only a few days was the temperature high and on these days the numbers 
of fungus spores were also high; for example, on Aug. 4 with a temperature 
of 74°-84° F., there was a total of 114.9 fungus spores per cu. ft., with Clado- 
sporium 25.9, smuts 19.5, and yeasts 11.2 per cu. ft. On cool days, however, 
for example on Aug. 8, with a temperature of 51°-56° F. the total was only 
1.7 fungus spores per cu. ft., Cladosporium was completely absent and smuts 
and yeasts were 0.1 and 0.6 per cu. ft., respectively. 


(3) Flights to Resolute Bay, N.W.T. Aug. 1 and 3, 1950 


On Aug. 1, a flight was made from Ft. Churchill to Resolute Bay on 
Cornwallis Is., N.W.T., about 1000 miles due north. The return flight was 
made the following day by way of Coral Harbour. On Aug. 3 a second trip 
was made except that the entire trip was completed during the one day. 
Samples were made throughout the trip except on the flight from Resolute 
Bay to Coral Harbour on Aug. 2. In these flights the McGill-GE sampler 
was not available and the slit sampler was used with a hose line going directly 
from an inlet to the sampler as has been previously described (10). Filters 
were used as in earlier flights. The numbers of fungi obtained are given in 
Tables V and VI. In Table V a comparison is made of the numbers obtained 
by the different methods. It is evident that the numbers of viable spores, 
as based on colony development in the plates, were very low as compared with 
the numbers obtained on the ground at Ft. Churchill. The filters gave 
counts lower than the slit sampler in all cases but the differences were not as 
great as at Ft. Churchill, indicating that the filter may be somewhat more 
efficient when spore loads are low than when loads are high. 


On the basis of colony formation the numbers of viable fungus spores are 
low, most readings being less than one per cu. ft., with one 30-min. plate 
having no colonies whatsoever. Maximum, minimum, and average numbers 
are given (Table V) since there was some variation due to the fact that two 
air masses were sampled during the flights. An analysis of the meteorological 
data from the navigator’s log and from the meteorological station at Ft. 
Churchill indicated that a mass of warm air covered Ft. Churchill and extended 
northward over Hudson Bay for several hundred miles (see maps (10) ). 
This air was considered to be modified polar air but slides exposed in this air 
mass gave evidence of fungus spores in concentrations as high as 78 per cu. ft. 
(Table V). Fungus colonies in plates exposed in this air mass, however, 
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TABLE V 


FUNGI PER CU. FT. FROM TWO FLIGHTS FROM FT. CHURCHILL TO RESOLUTE Bay (LEG 1), 
RETURN FLIGHT VIA CoRAL HARBOUR (LEG 2), THENCE TO CHURCHILL (LEG 3), ALT. 9000 FT. 


Av. per Total Colonies 
Flight Date T* Number Min. Max. ‘ : in control 
cu. ft. colonies 
plate 
Leg i Aug. 1 10° 0° 5° 7 plates 0.0 0.4 0.12 41 0 
1 filter _ 0.09 41 
3 Aug. 2 10° 3 plates 0.32 1.3 0.6 51 1 
1 filter 0.21 60 
1 slide 78.0 
Leg 1 Aug. 3 8° 7 plates 0.02 2.8 0.29 49 0 
1 filter _ 0.06 25 
2 slides 0.81 50.0 25.4 _ _ 
2 Aug. 3 > 3 plates 0.01 0.4 0.2 17 0 
1 filter _ 0.02 8 
1 slide 1.2 _ 
3 Aug. 3 9° 4 plates 0.08 1.0 0.5 50 0 
1 filter 0.21 43 
1 slide 69.8 


* A mass of warm air . 10° C.) extended from Ft. Churchill to near Coral Harbour beyond 
which was polar air (0°-2° C.). 


a 
TABLE VI 
ANALYSIS OF FUNGI FROM SLIT SAMPLER FROM TABLE V { 
Aug. 3 
Aug. 1, Leg 1 | Aug. 2, Leg 3 _—- 
Leg 1 Leg 2 Leg 3 
Pi. SI Pi. Sl. Pl. Sl. Pi. Sl. Pi. Sl. 
(a) (b) 
Clados porium 0.02 | 0.9 0.04 | 6.6 0.1 4.4 0.2 0.1 0.2 0.3 8.2 
Alternaria 0.03 | 0.02 | 0.03 0.01 0.02 0.02 
Stemphylium 0.01 _ 0.01 | 0.03 0.01 0.03 
Yeasts 0.01 | 0.3 0.04 | 0.01 | 0.01 0.06) 0.1 _ 0.1 — 15.0 
Nonsporulating 0.03 0.53 0.12 _ 0.08 0.16 
Smut spores — 0.2 — 2.6 _- 8.2 0.1 — 0.23 — 5.3 
Rust spores _ 0.02 _ 0.04 —_ 3.0 0.06 -- 0.1 — 2.6 
Hy phae 0.01 0.7 - 0.06 _ 
Pollen _ 0.08 0.2 0.06) 0.05 0.06 0.6 
Moss spores P — (27.9 4.5 P P 7.6 
Total 6:12 |.3.0 0.7 (78.0 0.3 50.0, 0.8 0.23 0.5 69.8 


4 
4 
4 
’ | | | | | | 

af 

d 

in 
7 

4 

7 

H 

RS 


nd 


PADY AND KAPICA: AIR-BORNE FUNGI 319 


gave low readings (Table V). From this evidence it would appear that this 
air is actually old continental tropical air with a typical high load of fungus 
spores, whose trajectory has been such that it had moved into the arctic during 
which most of the spores had lost their viability. North of this air mass was 
cold polar air with a southerly flow with low numbers of colonies as well as 
low numbers of fungus spores (Table V). 

An analysis of the kinds of fungi that were present on the slides and in the 
plates, and their numbers per cu. ft. is given in Table VI. Comparison with 
Table IV indicates that the fungi present are essentially the same as those 
obtained at Ft. Churchill but with much lower numbers. Cladosporium and 
yeasts were the commonest fungi in the plates and slides, one slide giving a 
reading of 15.4 yeast cells per cu. ft. Smut spores were present on all slides: 
in the warm air, readings of 5.3 and 8.2 spores per cu. ft. were obtained, 
whereas in the colder air near Resolute Bay numbers were 0.12 and 0.23 per 
cu. ft. The smuts were Ustilago with a few Tilletia chlamydospores. In 
addition to the fungi listed in Table VI there were occasionai colonies of 
Pullularia, Cephalosporium, and Trichoderma. 

Pollen grains and moss spores are also included in Table VI. Pollen grains 
were present on all slides but numbers were always low: the average of six 
slides was 0.5 per cu. ft. Moss spores, which were present in the slides 
exposed at Ft. Churchill, occurred also on all six slides exposed during these 
flights. On three slides they were too few to determine quantitatively, but 
on the other slides numbers of 4.5, 7.6, and 27.9 moss spores per cu. ft. were 
recorded. These were higher than any recorded for Ft. Churchill and were 
all found in the warm air mass. Moss protonemata developed also in many 
nutrient plates. 


Discussion and Conclusions 


In determining the numbers and types of fungi in arctic air it soon became 
apparent that a wide degree of variation existed. Although this was evident 
to some extent in the early qualitative sampling of the summer of 1947 (10) 
it was not until quantitative studies were undertaken that the extent of the 
variation was realized. That the efficiency of air samplers varies has long 
been known (1). Of the three samplers used in the present study, filter, 
McGill-GE, and slit samplers, the first has proved to be relatively unsatis- 
factory for fungi (5, 10). In 1950 at Ft. Churchill 20 filters, each run for an 
entire day, averaged 0.22 fungi per cu. ft., whereas the comparable figure for 
the slit sampler was 1.94 fungi per cu. ft. It is believed that the chief 
difficulty was the failure to recover all of the spores from the glass wool fibers 
of the filtering pads. The slit sampler and the GE bacterial air sampler when 
used in a stationary position with free-flowing air gave good results, whereas, 
when used in a rapidly moving aircraft (5), the method of installation affects 
their efficiency. 

Another factor in this variation is that the population of the air may vary 
from day to day. This was clearly demonstrated in the daily samples taken 
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at ground level at Ft. Churchill during the summer of 1950 (10). Fungus 
spores obtained on silicone slides with the slit sampler gave daily readings 
114.9, 55.3, 5.3, 1.7, 8.3 per cu. ft. on August 4, 5, 7, 8, and 9 respectively, 
and similar variations were present in the plate readings. Moreover variation 
is found within a single day. On Aug. 11, 1950, in ground samples at Ft. 
Churchill six silicone slides were exposed. In the first slide, exposed during 
the morning with a warm southerly wind, a reading of 38.9 spores per cu. ft. 
was obtained, At 11:30 a.m. a cold front passed through and readings taken 
during the afternoon were 7.4, 16.0, 19.4, 11.7, and 8.6 per cu. ft. respec- 
tively. During a flight a comparable situation may occur as for example on 
Aug. 1 and 3 in the flights from Ft. Churchill to Resolute Bay (see Tables 
Vand VI). If samples are made from an aircraft all of the above-mentioned 
variables are operating and a typical sample may not be obtained. Ground 
level sampling is much more satisfactory but the local effects may be con- 
siderable. In this study of the fungi of the arctic air both ground level and 
aireralt sampling were employed. 

The evidence suggests that many samples should be taken over a consider- 
able period and with several methods before attempting to determine actual 
numbers. Occasional flights in the arctic such as that of Lindbergh (6) and 
Polunin (14) do not give sufficient data for comparative purposes. From the 
data reported here it would appear that in the winter the air is practically 
sterile, at least as far as fungi are concerned. In the summer, however, 
samples taken during a single day's flight might give misleading results. At 
Ft. Churchill, ground level sampling revealed that on warm days with 
southerly winds the numbers were high, whereas with a cold north wind 
numbers were invariably low. It was not possible to determine all of the air 
masses reaching Ft. Churchill but it is believed that high numbers are corre- 
lated with tropical air masses of continental origin and low numbers with 
polar air originating over the Arctic Ocean. Data from the flights in Aug. 
1950 from Ft. Churchill to Resolute Bay would support this theory also (Tables 
V, VI) (10). 


The commonest fungi in the arctic air were Cladosporium and veasts, the 
former occasionally having a spore concentration in the air as high as 25.9 
per cu, ft., the latter being surprisingly raion ant with one reading of 15.4 
percu. ft. Alternaria, Penicillium, and Stemphylium were fairly common also. 


Smut spores were fairly abundant: at Ft. ¢ ~hu irchill they were present on all 
slides exposed, occasionally having a concentration of 19.5 spores per cu. ft. 


Manv other fungi were present in both the plates and on the slides but none 


in large numbers. The obtained in the arctic are similar to those 
obtained in flights over southern Canada (compare Tables I and V1 Most 
if not all, of the fungi that formed colonies in the plates following exposure to 
arctic air are soil twpes (§; Walton and Dudley 
trom the agricultural lands of the Great Plains. 
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The use of silicone slides (9), both in the McGill-GE and slit samplers, is a 
valuable aid in the study of air-borne fungi. It demonstrates the presence of 
fungi which are not soil-inhabiting forms. Spores of Helminthosporium, 
Ustilago, Tilletia, Puccinia, which are important cereal pathogens, are readily 
demonstrated by this means. Silicone slides have also demonstrated that both 
in arctic air and air over the prairies spores are commonly in groups or clusters, 
thus confirming the observations of Gregory (2) and Proctor (15). The 
presence of hyphae in arctic air also confirms the observation of Meier (7). 
The high numbers encountered, up to 1.3 hyphae per cu. ft., were rather 
surprising. Moreover, many of the hyphae were actually conidiophores of 
the Alternaria type, occurring in small clumps. Their viability is unknown 
but it may be assumed that some of the thick-walled fragments may have 
been viable. The presence of conidiophores suggests the strong scouring 
action of wind on the organic matter in or on the soil. 

It is possible that some of the fungi obtained from the arctic air originated 
locally but it is believed that these would not account for more than a few 
colonies. The short growing season, long cold winter, lack of soil, permafrost 
layer, and large areas of marsh and muskeg would result in a restricted fungus 
flora. In 1947 many nonsporulating cultures were obtained. During four 
months in the refrigerator several sporulated, producing perithecia of 
Sporormia, a coprophilous ascomycete. It was suggested at that time that 
this slow-growing cold-loving fungus might have been of arctic origin (8). 
During 1950 at Ft. Churchill spores of Sporormia were observed frequently on 
the slides. Several collections of rabbit dung made from the vicinity of 
Ft. Churchill, yielded abundant perithecia of several species of Sporormia, when 
placed in moist chambers the following January. It is thus evident that 
spores of some truly arctic fungi were present in the air. Willow rust, 
Melampsora sp., was very common at Ft. Churchill and a collection was made 
on dwarf willow by the senior author at Resolute Bay, 1000 miles north of the 
tree line on Aug 1. It is possible that some of the rust spores observed on the 
slides were those of arctic willow rust (see Table IV) but for large numbers of 
willow rust spores to be present in the air it is necessary that there be thousands 
and thousands of acres of heavily infected host plants. 

An unusual feature of many colonies found in the plates was the lack of 
conidia or spores. Most of the fungi in the air are Fungi Imperfecti and yeasts 
which sporulate readily on most media, yet 57% of all colonies examined at 
Ft. Churchill, after one week’s incubation on Czapek’s agar with glucose and 
yeast extract at 25° C., had no conidia whatsoever. Cladosporium sporulates 
freely on this medium, yet there were many small sterile colonies of otherwise 
typical Cladosporium. Similar results were obtained in 1947: subcultures of 
nonsporulating colonies were grown on various media and under different 
conditions yet 26% remained sterile. In July 1949 in the Baker Lake trip, 
and in August 1949 in the flight to Whitehorse (Table I), 37% and 26% of 
the colonies were nonsporulating. Hyde and Williams (3) reported that at 
ground level in Wales 607 out of 2988 colonies, or 20.3%, were sterile. 
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The most important discovery was that large numbers of fungus spores 
may be present in the arctic air (over 100 per cu. ft.) yet the number of 
colonies which grew in the plates that were exposed at the same time was 
low, never exceeding 9 or 10 per cu. ft. Cladosporium is the commonest 
fungus in the arctic air and is apparently very resistant. Comparison of the 
numbers of Cladosporium spores on the slides with the colonies of Cladosporium 
indicates clearly that even in this hardy member, the majority of spores were 
no longer viable (see Tables I, IV). The ratio of viable to nonviable Clado- 
sporium spores during the month-long ground level sampling at Ft. Churchill 
was 1 to 6.8. In the flights northward to Resolute Bay the ratio was much 
higher, 1 to 27.3. On the other hand, in a flight over southern Canada, as 
may be seen from data in Table I, the ratio was 1 to 5.1 Similar viability 
losses undoubtedly occur in other fungi. In the flight to Resolute Bay 
numbers based on plate colonies were never more than 0.6 per cu. ft., yet 
certain slides had a concentration as high as 78 spores per cu. ft. The absence 
of certain fungi with thin-walled spores that were present in the slides but 
absent in the plates, such as Septoria and Fusarium, may thus be readily 
understood. 

These sampling studies made during numerous flights over various parts of 
Canada and at ground level at Ft. Churchill in the arctic strongly suggest 
that most of the fungi have been carried northward from agricultural lands. 
Comparisons of fungi from the air over the prairies and those in the arctic 
reveal only quantitative differences. The large numbers of fungus spores in 
the air, presumably nonviable, are probably correlated with the particular 
type of air mass and may indeed be a clue to identity of air masses. In the 
flights to Resolute Bay in August 1950 a modified polar air mass was traversed 
which yielded low numbers of colonies whereas silicone slides revealed the 
presence of high numbers of fungus spores thus indicating this air mass to be 
a modified tropical air mass. Studies are now in progress to determine 
whether there is a correlation between air masses and spore type and loads 
and also if the air-borne fungi in the Montreal region are similar to those 
found in the arctic. 
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MOVEMENT OF RADIOACTIVE ISOTOPES IN YELLOW BIRCH 
AND WHITE PINE AS DETECTED WITH A PORTABLE 
SCINTILLATION COUNTER! 


By D. A. FRASER? AND C. A. Mawson? 


Abstract 


Movement of rubidium*®® and calcium** injected into the trunks of yellow 
birch and white pine was followed with a newly-developed portable scintillation 
counter. Maximum rate of upward movement of the rubidium®® in the xylem 
of yellow birch approximates one foot per minute along a narrow channel 
spiralling upward lanceliy dextrally) from the point where the isotope was first 
introduced. Movement in decadent yellow birch was very slow with an apparent 
increase of permeability of the bark tissue as indicated by lateral diffusion of the 
isotope. In October no upward movement was discerned in healthy trees but 
rather an active downward translocation in the phloem. 


Introduction 


Crafts et al. (4) outlined various methods of studying translocation problems 
and stated that future work, to be of value, should make use of radioactive 
tracers that could be injected with little or no injury, and detected by very 
delicate and accurate methods. In recent investigations of pole blight in the 
western white pine (7) and wilt of oak (1), the passage of a radioactive isotope 
along the tree trunk was established by noting its appearance in terminal and 
foliar tissue. Morris (10) used an injection technique in the study of birch 
dieback, but he was primarily interested in the effect of injected chemicals 
either to control insects or to alleviate symptoms which might be associated 
with nutrient deficiencies. The distribution of dyes and chemicals was 
ascertained by felling and sectioning the tree. 

For the present study the development of a special portable scintillation 
counter provided a more suitable method of determining the rate, direction, 
and specificity of flow of an isotope within the tree trunk. This investigation 
was undertaken as part of a broad ecological study of deterioration of yellow 
birch (Betula lutea Michx. f.) in Ontario. The work was carried out at the 
Petawawa Forest Experiment Station, Department of Resources and Develop- 
ment, in cooperation with Atomic Energy of Canada, Ltd., Chalk River, Ont. 


Materials and Methods 
Instrumentation 
During 1950 a portable health monitor (Geiger-Mueller counter) was used 
to detect radiation in field experiments. Although this instrument is quite 
sensitive, it possesses numerous disadvantages. The instrument is rather 
heavy and awkward to carry, and the short lead to the probe makes it difficult 
to obtain readings at elevated positions. In addition, the probe has no 


1 Manuscript received February 11, 1953. 


7 Contribution Number 83, Division of Forest Biology, Science Service, Department of 
Agriculture, Ottawa, Canada. 


2 Forest Insect Laboratory, Sault Ste. Marie, Ontario. 
3 Atomic Energy of Canada Ltd., Chalk River, Ontario. 
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attachment to ensure uniformity of position in repeated observations at 
different levels. Accordingly, in cooperation with colleagues at Atomic 
Energy of Canada, Ltd., an instrument was constructed incorporating the 
desired modifications (Fig. 1). In this apparatus the batteries are encased 
in a metal box which fits into a packsack provided with shoulder straps. The 
counter, with a visual indicator capable of recording a maximum of 20,000 
counts per minute, is equipped with a strap which holds it at chest level. On 
the right side of the counter are two sockets, one for the insertion of the lead 
to a scintillation probe, the other for a Geiger-Mueller probe. Results with 
this Geiger-Mueller probe are not included in this paper. 

By the scintillation method ionizing radiation is counted by photoelectric 
measurement of the fluorescent light pulses emitted by certain organic sub- 
stances. Anthracene is the organic substance used in this probe. A colli- 
mator, with its outer face indented so as to fit securely against the tree trunk, 
was fitted over the end of the probe. A notched projection is attached to the 
collimator (Figs. 2 and 3) so that when the probe is in use, the notch may be 
slipped around the projecting end of a nail inserted into the tree trunk. The 
probe is then rotated to a horizontal position, thus ensuring a uniform position 
of the scintillation probe for repeated observations. . 

To ascertain the internal location of the isotope, an increment borer and a 
small cutting tube were used to remove segments of bark and wood from the 
tree. An assay of this material for radioactivity facilitated the interpretation 
of external monitoring observations. 


Isotopes Used 

Although radioactive tracers have proved to be extremely useful in studies 
of mineral movement in plants, the literature discloses relatively few attempts 
to apply them to forest tree investigations (4). 

The different types of radiation and their period of emission are charac- 
teristics which vary with isotopes of different elements, and are not alterable 
by ordinary chemical or physical means. Two types of radiation are of 
particular interest: 8, which penetrates wood only a fraction of an inch, and 
y, which travels through wood a foot or more. Of the two istopes used, 
calcium*® emits pure 8 radiation, so that its chief value was for autoradio- 
graphs, whereas rubidium** emits both 6 and ¥ radiation, and therefore was 
especially suitable for detection by external monitoring. 

In addition to variation in radiation type, differences in half life are 
important. The rate of radioactive transformation follows an exponential 
course, with fluctuations governed by the Poisson distribution (9), and the 
time required for diminution of intensity of radioactivity by one-half is 
known as the half-life period. Another important factor is the specific 
activity, which is the radioactivity per unit weight of radioactive material. 
Calcium* has a half life of 152 days, which is of some use if storage of tissue 
for autoradiographic work is necessary, whereas the y radiation of rubidium*® 
has a half life of only 19} days, a distinct advantage in repeated translocation 
studies on parts of one tree. 
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Trees Studied 


Fourteen trees of two species were investigated. Ten yellow birch trees 
45 to 65 ft. in height and in various stages of decadence, were included in this 
study. Four white pine (Pinus strobus L.) trees about 15 ft. high were also 
employed because they offered unusual opportunities to assess variability in 
the responses of individual trees. The trees in question had, several years 
ago, been attacked by the white pine weevil, Pissodes strobi (Peck), which had 
killed the leaders so that the trees subsequently produced dual trunks of 
equal form from former lateral branches. One of the trunks was used for 
injection with or without the isotope, while the second trunk served as a 
control. 


Methods of Injection 


Although other experiments were carried out in which the radioactive 
isotopes were introduced through the soil, and in which nutrient solutions 
served for the submersion of branch roots, only the studies in which the 
isotope was injected directly into the tree trunk will now be considered. 

In the first series of tests the calcium*® was introduced in the form of a con- 
centrated calcium* chloride solution through holes (3 in X 5 in.) drilled at a 
45° angle down into the trunk. The low specific activity of the calcium‘ in 
this preliminary experiment required the use of concentrated solutions to 
obtain the required activity. The amounts injected are shown in Table I. 

To avoid air locks at the time of injection, and to provide more suitable 
conditions for monitoring, a different isotope and a different method of injec- 
tion were used in later experiments. For this work, rubidium*®® carbonate of 
1 me. activity in one liter of 5% solution of potassium chloride was introduced 
into a water-tight trough constructed around part of the tree trunk. A 
#-in. chisel with its face parallel to the vertical axis was used to make an 
underwater incision to a depth of 1 in. Use of the potassium chloride facili- 
tated the entrance and movement of the isotope in the translocation stream. 

All rubidium*®® injections with the trough method were made between 
10:00 a.m. and 2:00 p.m. on sunny days when the rate of movement of the 
transpiration stream is considered to be at a maximum (8). 


TABLE I 


VOLUME AND RADIOACTIVITY OF CALCIUM*® CHLORIDE SOLUTION INJECTED 
INTO WHITE PINE AND YELLOW BIRCH 


Volume Radioactivity Volume Radioactivit 
Pine No. (ml.) (mc. ) Birch No. (ml. ) (me. ) 
1A 17 12.8 5 16 12.0 
1B 0 0 
2A 17 0 6 2 a 
2B 0 0 7 16 0 
3 2 
+ 3 
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Fic. 1. Portable counting apparatus with battery case (background), visual indicator 
and Geiger-Mueller Probe (foreground). Scintillation probe not shown. X 3. 

Fic. 2. Face view of head of scintillation probe.  j. 

Fic. 3. Side view of head of scintillation probe. X 3. 
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Results 
Yellow Birch 

Both calcium* and rubidium*® moved up the tree trunk in the xylem, along 
a relatively narrow channel (spiralling dextrally) of about one inch in width. 

Trough-injections with rubidium**®: Table II shows the results of a typical 
experiment on a healthy yellow birch. The first column indicates the distance 
below and above the point of injection at which periodic readings were made 
with the scintillation counter. All readings have been corrected for decay 
of the isotope, and background dependent on natural radiation and the distance 
from source. 

Initial upward rates of movement were quite rapid as shown by the observa- 
tion 10 min. after injection when the isotope reached a height of 10 ft. There- 
after the rate was considerably slower. Slow downward movement occurred 
in the bark tissue (detected from segments) two hours later. After 24 hr. 
when all of the radioactive solution in the trough had been taken up (and 
more water added), an increased radiation count at each reference position 
had occurred relative to that at two hours. At the end of three days the 
intensity of radiation was fairly uniform throughout its path of movement 
(checked to a height of 15 ft.). The distribution of the isotope into lateral 
branches took place only where the branch base was located in the relatively 
narrow channel of xylem cells conducting the upward moving isotope. 


TABLE II 
MOVEMENT OF RUBIDIUM®® IN A HEALTHY YELLOW BIRCH TREE 


1 cc. aqueous solution rubidium ** carbonate of 1 mc. activity injected into incision under 
5% KCI solution by the trough method, July 12, 1952 


Counts per minute corrected for decay and background 
Distance from at different times after injection 
injection, ft. 
+ 1 min. 2 min. 10 min. 2 hr. 24 hr. 72 hr. 
15 0 0 0 0 410 1090 
14 0 0 0 10 410 1090 
13 0 0 0 30 510 1130 
12 0 0 0 40 615 990 
11 0 0 0 90 720 990 
10 0 0 30 110 720 990 
9 0 0 30 170 825 990 
8 0 0 30 150 825 1090 
7 0 0 30 290 615 1130 
6 0 0 30 290 720 1690 
5 0 0 30 390 1030 900 
4 0 10 70 290 1030 1690 
3 0 40 110 490 1870 2290 
2 0 40 280 690 1240 1690 
1 0 400 800 1100 1250 2290 
0 (Source > 20,000 c.p.m. over injection for 24 hr.) 1130 
—- 1 0 0 0 90 1550 1690 
— 2 (ground 0 0 0 0 615 245 
level) 
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TABLE III 


MOVEMENT OF RUBIDIUM®® IN A DECADENT YELLOW BIRCH TREE INJECTED 


WITH THE ISOTOPE, JULY 17, 1952 


Counts per minute corrected for decay and background 
Distance from at different times after injection ; 
injection, ft. 

1 min. 15 min. 1 hr. 24 hr. 72 hr. 
3 0 0 0 0 10 
2 0 0 0 10 20 
1 0 0 0 52 97 
0 (Source giving > 20,000 c.p.m. for 1 hr.) 2100 580 
-1 0 0 0 2100 1800 
—2 0 0 0 1050 1900 


The behavior of yellow birch in an advanced decadent condition (Table III) 


was quite different from that of healthy trees. In this tree the isotope showed 
only a very slow upward movement. At the end of 24 hr. there was consider- 
able downward movement of the isotope. This was not localized in a definite 
channel as in healthy trees, but spread downwards over a fan-shaped area. 
That this downward movement was confined to the bark tissue was established 


by samples removed for radioactive assay. 


The movement of the rubidium*® in healthy yellow birch on October 10, 
1952, differs from that in similar experiments conducted earlier in the season 


(Table IV). 
TABLE IV 


MOVEMENT OF RUBIDIUM®® IN A HEALTHY YELLOW BIRCH TREE INJECTED 


WITH THE ISOTOPE, OCTOBER 10, 1952 


Counts per minute corrected for decay and background 
Distance from at different times after injection 
injection, ft. 
Smin. | 1 hr. | 2 hr. 72 hr. | 8 days 
3 0 0 0 0 0 
2 0 0 0 0 0 
1 0 0 0 0 0 
0 (Source giving > 20,000 c.p.m. for 8 days) 
- 1 0 150 250 | 510 1720 
-—2 0 40 110 210 6210 
— 3 (ground 0 0 a 115 8400 
level) 
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At the time of injection, this tree still retained its leaves, although they 
were turning yellow and an abscission layer was forming. Two hours after 
injection there was no upward movement of the isotope but rather an active 
downward movement dextrally which took place in the bark tissue. During 
the following week the isotope continued to move downwards along a narrow 
channel of about 1 in. in width and passed into a single branch root in increas- 
ing intensity. 


White Pine 


In preliminary experiments, use was made of concentrated solutions of 
calcium* chloride to obtain sufficient intensity of radioactivity (1 mc.) for 
efficient monitoring. The effect of wounding, and of the radioactive and 
other properties of the injected solution on radial increment, was determined 
with a dendrometer (2). Dendrometer reference points were established on 
each trunk of two bifurcated pine trees (1A, 1B, 2A, 2B). Cumulative radial 
increments of these two weeviled pines, for the July 1-Sept. 30 period have 
been plotted against time (Fig. 4). The growth trend for the injected trunks 
followed that of their controls. The increment ratio of injected to noninjected 
trees is shown in Table V. 

It will be observed that the relative reduction of increment was almost the 
same for both radioactive and nonradioactive injections, hence it appears that 
in these trees at least, radioactivity of the intensity used does not interfere 
with the behavior of the injected solution. Although radioactivity of the 
intensity used did not affect radial growth, the concentration of the injected 
solutions in these preliminary experiments caused about 25% reduction in 
radial increment (probably because of its high osmotic pressure). In later 
experiments, the greater specific activity of the isotope which was available 
permitted use of very weak solutions which could be considered osmotically 
inactive. 

Rates of movement of the calcium* in the white pine may not be indicative 
of the rate of movement of the translocation stream because of the possibility 
of air locks introduced by the bore-hole method_of injection. For this reason 
rate of movement was not studied with this method. 

The calcium* injected into the pine trunk had a localized distribution 
similar to that of the rubidium*® in yellow birch. In white pine trunk 1A 
for example, the isotope moved upward from the point of injection, along a 


TABLE V 


RADIAL INCREMENT OF TWO WEEVILED PINE TREES (Nos. 1 and 2 in Table I) FROM THE TIME 
OF INJECTION ON JuLy 10, 1950 


In injected trunk (1) 0.069 in. (Trunk 1A CaX8Cl,) 0.107 in. (Trunk 2A CaCl.) 
In noninjected trunk (NI) 0.095 in. (Trunk 1B) 0.143 in. (Trunk 2B) 
Ratio I/NI 0.73 in. 0.75 in. 
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160) 


TRUNK 2B Not INJECTED 
| WHITE PINE NO. 2 


TRUNK 2A CACL, INJECTED 


SOLUTION INJECTED 


Trunk IB) Not INJECTED 


WHITE PINE NO. | 


Trunk IA CASCL, InvecteD 


SOLUTION INJECTED 
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Fic. 4. Radial increment of bifurcated white pine trees No. 1 and No. 2, for the 


July 1-Sept. 30 period. 
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Fic. 5. Diagram (not to scale) of the two trunks of weeviled white pine No. 1, to show 
distribution of calcium* (recorded in counts per minute) on Aug. 22, 1950. 


relatively narrow channel. Only two branches, both within 6 ft. of the 
ground, were found to contain appreciable activity. Monitoring records on 
Aug. 22 (Fig. 5) indicated an accumulation in the main trunk at a point where 
the upper active branch had its origin. From this position in the trunk, 
most of the radioactive calcium was carried out into this branch. The isotope 
was not evenly distributed throughout the branch since in any given whorl 
of twigs some were much more active than others. Branches were not 
monitored in detail above 6 ft., but the leader was not active nor were the 
tips of other branches that were monitored in September. 
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Discussion 


Hiiber and Schmidt (8) found the rate of movement of the translocation 
stream to be greatest during the middle of the day and for that reason injec- 
tions of the isotope were made at that time. This permitted comparison of 
the rates of flow in trees in different stages of decadence and at various times 
of the year. The spiral direction of movement is attributed to the spiral 
orientation of wood cells, which has been noted in many tree species (3). 
Morris (10) reports that most of the white birch in his studies appeared to 
have a spiral grain, usually dextral. 

It was observed that three days after injection of the isotope, the intensity 
of radiation was fairly uniform throughout its path of movement (checked to 
a height of 15 ft.) in healthy yellow birch. Segments removed from the 
cambium and adjacent tissues at this time indicate considerable localization 
of the isotope in the bark tissue. Stout and Hoaglund (11) have shown that 
there is lateral transfer of radioactive phosphorus from the wood to bark 
tissue in geranium, hence the almost uniform distribution along the trunk 
above the point of injection at the 72 hr. period, is attributed to lateral 
movement from xylem to phloem, rather than movement in the phloem itself. 

The decrease in rate of movement that followed the rapid initial uptake and 
movement of the isotope in healthy trees may have resulted from a lowered 
tension in the transpiration stream as the solution was taken up from the 
trough. The cessation of upward movement in October, when the leaves 
were senescent and forming an abscission layer, indicates the probable import- 
ance of a transpiring surface to bring about the movement of water within 
the tree trunk. Rates of movement are much slower in decadent trees, but 
no blockage of the conductive tissue was discovered. The slower movement 
in decadent trees probably results from the poor development of the crown 
with the consequent smaller transpiring surface. Deleano and Andreescu (6) 
showed that many minerals are removed from willow leaves a short time 
before death or leaf fall, and are transferred to the stem and roots. Active 
downward movement of the rubidium*® in the bark tissue in early October 
may therefore have been associated with the removal of certain minerals from 
the senescent leaves. 

The downward spread of the isotope over a fan-shaped area compared with 
the relatively narrow channel of movement in healthy trees is interpreted as 
evidence that an increase of permeability in the bark tissue accompanies the 
onset of decadence in yellow birch. That increased permeability may be 
associated with the approach of death in tissue has previously been concluded 
by Curtis and Clark (5). 

The specially developed scintillation counter permits repeated observation 
of the movement of radioactive isotopes introduced into tree trunks. It 
would probably be advantageous to combine this method of study with the 
thermoelectric technique of measuring rates of movement of the translocation 
stream (8). The latter method utilizes a brief application of moderate heat 
and the measurement by means of thermocouples of the rate of transfer of 
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heat upward and downward. Although this method has the advantage of 
allowing repeated and localized measurements, the use of radioactive isotopes 
would facilitate calibration, as well as providing information on the actual 
internal path of movement. 

Further studies are being conducted on the uptake of radioactive isotopes 
from the soil, and their detailed distribution in tree tissue is being ascertained 
by autoradiographic techniques. 
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NEW INFORMATION CONCERNING BALSAM FIR DECAYS 
IN EASTERN NORTH AMERICA! 


By J. T. BasHam™*, P. V. Moox*, anp A. G. Davipson** 


Abstract 


Four separate investigations of decay in balsam fir (Abies balsamea (L.) Mill.) 
have been carried out in recent years by forest pathologists in Eastern North 
America. Early in these studies it became apparent that the existing ideas 
concerning the identity of the fungi responsible for decay in living balsam fir 
trees required considerable revision. Trunk rot was confirmed as being caused 
mainly by Stereum sanguinolentum Alb. and Schw. ex Fries; however, five fungi, 
headed by Corticitum galactinum (Fries) Burt, were found associated with most 
of the white stringy butt rots, and two fungi, Coniophora puteana (Schum. ex 
Fries) Karst. and Polyporus balsameus Peck, were associated with most of the 
brown cubical butt rots. Hitherto Porta subacida (Peck) Sacc. and P. balsameus 
were believed to cause practically all white and brown butt rots, respectively, 
in this species. The effect of site on the decay of living balsam fir is discussed, 
as is the extent and kind of decay with which each of the nine predominant 
heart-rot fungi was found associated. A brief outline is presented concerning 
the fungi found associated with the deterioration of dead balsam fir. 


Introduction 


In the autumn of 1947, members of the United States Department of 
Agriculture, Division of Forest Pathology, under the direction of Dr. J. R. 
Hansbrough, began an investigation into the rate of deterioration of balsam 
fir and spruce trees in the Lake Nipigon region of northern Ontario, Canada, 
that had been killed following spruce budworm outbreaks. The information 
so gathered was to be used as a guide in the salvaging of trees at that time 
believed doomed to budworm attack in the Northeastern United States. 
This investigation was completed during the summer of 1948, the senior 
author being attached to the field crew for the purpose of collecting informa- 
tion concerning heart-rot in these trees for the Canadian Department of 
Agriculture. Additional regions sampled in 1948 were in the vicinities of 
Algonquin Park and North Bay, Ont. Over this two-year period 1443 balsam 
fir trees were examined. Cultures were obtained from numerous samples of 
the various types of decayed heartwood and sapwood encountered. These 
were sent to Mr. R. W. Davidson of the Division of Forest Pathology, United 
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provided them with the identifications of the specific fungi associated with the various decays 
encountered. It may be truly said that they have provided the framework without which this report 
could never have been constructed. 
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States Department of Agriculture, Beltsville, Md., and to Dr. M. K. Nobles 
of the Division of Botany and Plant Pathology, Science Service, Department 
of Agriculture, Ottawa, Ont., for identification of the causal fungi. During 
the winter of 1948-49, the results of these cultural identifications were received 
by the authors. It was immediately apparent that some striking differences 
existed between these and earlier results concerning the fungi responsible for 
decay in balsam fir. Organisms hitherto unmentioned proved to be very 
common, and the two fungi previously accepted as the cause of practically all 
butt rot in this species were apparently of less importance than some others. 


A true representation of the frequency of occurrence of the various fungi, 
however, was not shown by the data obtained from this particular investiga- 
tion. This was mainly because cultures were obtained from less than one- 
third of the white stringy butt rots under the mistaken belief that practically 
all of these rots were caused by a single pathogen. Those white stringy butt 
rots from which cultures were taken were as a rule somewhat atypical, so that 
cultural determinations probably showed disproportionately high figures for 
the fungi causing such decay. The brown butt rots, all previously ascribed 
to a single fungus, apparently resulted almost entirely from attack by this 
species and two others. Although an attempt has been made to obtain 
cultures from all brown butt rots, it was felt that a larger sample was required 
before any definite conclusions could be drawn concerning the identity and 
frequency of the fungi involved. The remaining rot in living balsam fir, 
trunk rot, presented no problem. Practically all such rot was caused by a 
single fungus which produced a very characteristic and readily recognizable 
decay. This was confirmed by the few random cultures made from this rot. 
Where possible, cultures were made from the few trunk rots encountered that 
differed in appearance from this decay. 


It was felt, then, that a larger number of balsam fir trees would have to be 
examined before drawing conclusions concerning the identity and relative 
importance of the fungi causing decay; also that it would be necessary to 
obtain cultures from as many as possible of the white as well as brown butt 
rots encountered. These requirements were fulfilled in the field seasons of 
1949 and 1950 in which each of the authors conducted separate investigations 
of balsam fir in three different regions of North America. These were: an 
investigation of the decay relationships of living balsam fir in the Green River 
area of New Brunswick; a study of the relationship between decay and 
floatability of balsam fir and spruce in the Kokadjo region of Maine; and a 
joint study by Canadian forest pathologists and entomologists on the 
deterioration of balsam fir trees killed by the spruce budworm in the Lake 
Nipigon region of Ontario. These projects provided an additional 1356 
balsam trees from which an attempt was made to obtain cultures and so 
identify all butt rots encountered. These cultural identifications proved that 
several fungi, previously unknown as the cause of decay in balsam fir, are as 
important as, or in some cases more important than, those hitherto reported 
as responsible for practically all butt rot in this species. 
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This paper presents the authors’ conception of the identity and relative 
importance of fungi associated with decay in living and dead balsam fir, based 
on cultural records obtained in four different studies. An extensive review 
of the literature is included in an attempt to show how the erroneous 
impressions concerning the identity of these organisms have arisen. 


Review of Previous Information Concerning Fir 
Decays in North America 


The first comprehensive report on the decays of balsam fir was made by 
von Schrenk in 1900 in the New England States (26). He listed Fomes pini 
(Thore) Lloyd as a white pocket trunk rot, Polyporus schweinitzii Fries as 
the cause of brown butt rot, and Fomes annosus (Fries) Cooke as a common 
white stringy butt rot: Fomes pinicola (Sw.) Cooke was also mentioned as 
being found ‘“‘on living or more often on dead trees’. Other fungi suspected 
of causing decay in living balsam fir were Poria subacida (Peck) Sacc. and 
Armillaria mellea (Vahl ex Fries) Quél., both in connection with white stringy 
butt and root rots.* 

Hedgcock in 1912 (13) also noted that living balsam fir was attacked by 
Fomes pini and Polyporus schweinitzit. 

In 1916 Meinecke (18) published the results of an investigation into the 
pathology of white fir (Abies concolor) in Oregon. He discovered Armillaria 
mellea as the cause of a white stringy butt rot, but notes that no Fomes annosus 
was encountered. Echinodontium tinctorium Ell. and Ev. was the most 
commonly encountered organism, being responsible for considerable trunk 
rot. Other fungi found, although rather infrequently, were Polyporus 
schweinitzii and Polyporus sulphureus Bull. ex Fries causing brown butt rots, 
and Fomes pini as a white pocket trunk rot. 

Rankin, in 1918 (21), reported five fungi causing decay in the heartwood of 
living balsam fir. These were Fomes pini, ‘“‘the most destructive wood-rot 
of fir’, and Fomes roseus (Alb. and Schw. ex Fries) Cooke as trunk rots; 
Polyporus schweinitzit and Fomes pinicola as brown butt rots; and Fomes 
annosus as a white stringy butt rot, but only in the Northwestern United 
States. In 1919 the same worker made a survey of balsam butt rots in 
Quebec (22), and concluded that ‘‘The so-called butt rot disease of balsam fir 
is a complex of diseases caused by many different fungi’. He listed the two 
most common organisms, in order of importance, as Fomes pinicola and 
Polyporus schweinitzit. 


In 1918 Faull began a comprehensive investigation of the decays of living 
balsam fir in Ontario. In 1919 (7) he reported for the first time the occurrence 
of Polyporus balsameus Peck as a heart rot of living balsam fir. He also 

* In this and other literature citations the name and authority of certain fungi, as used by the 
author, differed from those now accepted and used in this paper. Such names have been altered to 


conform to current usage in order to avoid any misunderstandings that may otherwise arise from 
the dissimilarity between the names in use at that time and those accepted at present. 
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recorded Armillaria mellea as causing a heart rot as well as a root rot, Polyporus 
schweinitzii as ‘‘the worst disease of balsam’’, and Fomes pini as ‘‘occasionally 
the cause of heart rot of balsam’. 


In 1922 Faull (8) noted that most of the brown butt rot in balsam fir was 
caused by Polyporus balsameus and not by Polyporus schweinitzii, as had 
hitherto been believed. The white butt rots were ascribed to two organisms, 
Poria subacida and an unknown; Armillaria mellea rot was also observed in 
the roots of trees that had just died. In 1923 Faull (9) described Stereum 
sanguinolentum Alb. and Schw. ex Fries as the fungus responsible for red heart 
or ‘sapin rouge’ in living balsam fir, and Polyporus abietinus Dicks. ex Fries, 
Fomes pinicola, and Stereum sanguinolentum as the cause of sap rots in dead 
balsam fir. 


The rots encountered by Faull in living balsam fir were cultured and 
studied intensively by Fritz. In the latter’s excellent publication (11) 
resulting from this work, three types of rot were recognized. The brown 
cubical butt rots were designated as ‘Type A’, the white stringy butt rots as 
‘Type B’, and the single trunk rot as ‘Type C’. From wood possessing ‘Type A’ 
rot, two fungi were isolated, differing markedly in their cultural characteristics. 
One of these was identified with certainty as Polyporus balsameus by com- 
paring the mycelium in culture with that of fruit body tissue cultures of this 
species. The second fungus remained unidentified since it corresponded to 
none of the sporophore cultures that had been obtained at that time. Fritz 
pointed out, however, that ‘Certain peculiarities both macroscopic and 
microscopic suggest the description of cultures of Coniophora cerebella made 
by Moller, and again by Rumbold’’. Cultures obtained from 25 white 
stringy butt rot infections, ‘Type B’, were readily separated into three groups. 
These were called Fungi 1, 2, and 3. The 8 cultures of Fungus 1 agreed with 
Poria subacida sporophore tissue cultures; however, the 11 grouped as Fungus 
2 and 6 as Fungus 3 could not be identified. From several trees showing 
‘Type C’ rot, cultures of this decay yielded a single fungus, which Faull and 
Mounce later identified as Stereum sanguinolentum (10). 

In 1922 Schierbeck (23) listed,the following fungi in order of importance 
with regard to the death and decay of balsam trees attacked or killed by the 
spruce budworm: Armillaria mellea, Fomes pinicola, Polyporus abietinus, 
Stereum sanguinolentum, Polyporus balsameus, Poria subacida, and Lenzites 
saepiaria Wulf. ex Fries. He also reported Polyporus schweinitzii as the cause 
of a decay of living balsam fir, but stated that it was unimportant in contribut- 
ing to the high mortality of the species. 


Dickson, in 1927, completed a study of heart rot in amabilis fir (Abies 
amabilis) in the Upper Fraser region of British Columbia (6). He noted that 
“With but few exceptions, the decay in amabilis fir was found to be the stringy, 
brown rot caused by Echinodontium tinctorium’’. Other organisms found 
were Polyporus schweinitzii, resulting in a brown cubical butt rot; Fomes 
annosus, causing a white spongy butt rot; and Fomes roseus, responsible for 
a yellow-brown top rot. 
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In 1928 McCallum, working in Quebec, published on the first of a series of 
studies on the decay relationships of balsam fir that were to be carried out by 
different workers in North America (17). Although these studies stress the 
relationships between the amount of decay and tree age, diameter, and site, 
they do as a rule refer to the types of decay and causal organisms. McCallum 
found the three types of decay noted previously, namely a trunk rot, a white 
stringy butt rot, and a brown cubical butt rot. With reference to the trunk 
rot, he stated, ‘‘. .... red heart rot, is undoubtedly the most serious decay 
affecting balsam fir’. Evidence in the field supported the claim that it 
resulted from the action of Stereum sanguinolentum. As for the white stringy 
butt rot, he noted, ‘‘The identity of the causal fungus of this type of decay 
has not been proved by scientific methods but the indications are that it is 
Poria subacida, Peck’’; whereas of the brown cubical butt rot he said, ‘Such 
a butt rot has usually been ascribed to Polyporus Schweinitzii, Fries, but in 
the present instance the field evidence and cultural characteristics indicate 
that Polyporus balsameus, Peck is the causal fungus’. In addition, one tree 
was found infected with Fomes pini trunk rot, and Armillaria mellea decay 
was occasionally found in the roots and lower trunks. Fomes pinicola decay 
was found only in dead trees. 

The occurrence of Polyporus balsameus butt rot of balsam fir in Wisconsin 
and Minnesota was recorded in 1929 by Hubert (15). 

In a preliminary report of an investigation into the decays of balsam fir 
in New England (25), Spaulding, Hepting, and MacAloney in 1932 observed 
that ‘‘Three decays were found to cause most of the cull in this species. They 
are: red heart, caused by Stereum sanguinolentum (Alb. and Schw.) Fries and 
occurring in the middle or upper trunk, brown butt rot caused by Polyporus 
balsameus Pk., and stringy butt rot caused by Poria subacida Pk’’. 

In 1935 Kaufert published the results of studies on balsam fir decays in the 
Lake States (16). Discussing the three types of decay encountered, he 
remarked, “The two butt rots are quite easily distinguishable. One is a 
yellow stringy rot said to be caused by Poria subacida, the other is a brown 
cubical rot said to be caused by Polyporus balsameus. The characteristic red 
top rot has been shown to be caused by Stereum sanguinolentum.’’ Com- 
parisons of cultures obtained from these decays with those of the three above- 
mentioned organisms and ‘‘microscopic examination and comparison with the 
descriptions given for these fungi by Fritz’ revealed all 46 of the pure cultures 
obtained from the white stringy butt rots as Poria subacida, all 20 of those 
taken from red top rot as Stereum sanguinolentum, and of the 14 pure cultures 
obtained from brown cubical butt rots, 7 were undoubtedly Polyporus bal- 
sameus and the remaining 7 were unidentified. 

In 1940, Fritz, in the News Bulletin of Empire Forest Departments (12), 
reported, ‘‘A brown cubical heartwood rot of standing balsam fir has been 
definitely associated with Coniophora cerebella. This rot is indistinguishable 
from that caused by Polyporus balsameus. A cultural diagnosis is necessary 
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to separate the two.”” Unfortunately, this particular periodical is not widely 
circulated among forest pathologists, and as a result this report was almost 
completely overlooked. 

Heimburger and McCallum reported in 1940 (14) on the relationships 
between site and butt rot in balsam fir in Quebec. Poria subacida and 
Polyporus balsameus are recorded as the causal organisms of the two butt rots 
encountered. Evidence was presented to show that these butt rots were 
more prevalent on ‘mixedwood slopes’ than on the ‘softwood flats’. 

Baxter, in his book Pathology in Forest Practice published in 1943 (1), states, 
“The principal objection to balsam fir is its susceptibility to attack by the 
top-rotting fungus Stereum sanguinolentum, and to Poria subacida, and 
Polyporus balsameus which cause butt rot in this tree’. Practically all of 
the decay in living balsam fir is ascribed to these three fungi. 

Spaulding and Hansbrough, in 1944, reported results of a comprehensive 
study of decay in balsam fir in New England and New York (24). Referring 
to the work of Faull and Fritz, they said, ‘‘It was learned that ‘sapin rouge’, or 
red heart decay, is caused by Stereum sanguinolentum, that the brown cubical 
butt rot is caused commonly by Polyporus balsameus, instead of Polyporus 
schweinitziit, as had been supposed previously; and that the white stringy 
butt rot is caused by Poria subacida’’. Spaulding and Hansbrough reported 
ee wns practically all cull from decay in balsam fir is attributable to 
three fungi’’, these being Stereum sanguinolentum, Poria subacida, and Poly- 
porus balsameus. In addition, two other fungi, Coniophora puteana (Schum. 
ex Fries) Karst. (formerly Coniophora cerebella Pers.) and Polyporus 
schweinitzii, were associated with decay in living balsam fir, but to an almost 
negligible extent. 

Pomerleau, in a study of decay in balsam fir in Quebec in 1948 (20), described 
the three types of rot encountered but made no reference to any causal fungi. 

The results of two intensive investigations into the decays of fir (Abies 
amabilis and Abies lasiocarpa) in British Columbia were published in 1948 
and 1949. The first, by Bier et a/. dealt with fir in the Upper Fraser region 
of the province, whereas the second by Buckland and his associates was 
concerned with fir in the Franklin River area. Although they deal with 
different species of fir than that with which this paper is concerned, they are 
of considerable interest in that they show striking differences with respect to 
the fungi causing trunk rot in amabilis fir in the two regions; also because 
some of the organisms reported for the first time as being associated with 
decay in living western fir are also mentioned in this paper for the first time 
as occurring in living balsam fir. 

Finally, Boyce, in the 1948 edition of his textbook Forest Pathology (3), 
states that balsam fir (Abies balsamea) ‘“‘is higk y defective because of trunk 
rot caused by Stereum sanguinolentum, and butt rot largely caused by Poria 
subacida with Polyporus balsameus secondary”’. 
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This, then, was the conception of the identity of the fungi causing decay 
in living balsam fir prevailing at the time the writers commenced their investi- 
gations. All trunk rot was ascribed to Stereum sanguinolentum, practically 
all white stringy butt rot to Poria subacida, and brown cubical butt rot to 
Polyporus balsameus. Although Fritz (11) presented evidence that other 
fungi were very likely involved, unfortunately this portion of her work was 
largely overlooked. The lack of sporophore tissue cultures of these ‘unknowns’, 
and the similarity of their cultural characteristics with those ‘known’ fungi 
causing rots very similar in appearance, were the principal reasons for this 
mistaken conception. 


Decay in Living Balsam Fir 


As in all tree species, decays in living balsam fir can be divided into two 
groups, trunk rots and butt rots, based on their position in the tree. Trunk 
rot is practically limited to that caused by a single fungus, and thus with 
very few exceptions always has the same reddish appearance. Butt rots, on 
the other hand, are caused by a number of different fungi. The appearance 
of these rots separates them naturally into two distinct types, white stringy 
butt rots and brown cubical butt rots. A third type, or subtype, red butt 
rots, has been included in this report. This small group is made up of the 
relatively few ‘white’ butt rots with a decidedly reddish color, and red trunk 
rots that extend down to ground level. This additional type was included 
only because in the field it is often impossible to determine whether such 
decays should be classified as trunk or white butt rots. 

Table I shows the frequency of occurrence of these four different types of 
decay in the 2799 trees examined. In this and succeeding tables the four 
projects are represented by letters; the letter U represents the deterioration 
project carried out by American forest pathologists in 1947 and 1948 in three 
regions of Ontario; the letter D represents the deterioration study carried 
out by Canadian forest biologists in the Lake Nipigon region of Ontario in 
1949 and 1950; the letter N represents the decay study of balsam fir in New 
Brunswick undertaken by Canadian forest pathologists in 1949 and 1950; 
and the letter F represents the investigation carried out by American forest 
pathologists on the floatability of balsam fir in Maine during 1949 and 1950. 

Table I shows that 1045 of the 2799 trees examined, or 37.3%, possessed 
some form of trunk rot. All but 25 of these 1045 trees were infected with the 
decay commonly referred to as ‘‘red heart’. In the incipient stage of this 
decay, the wood appears water-soaked, firm, and is of a marked reddish-brown 
color. On the transverse face of the infected log, rays often extend outward 
from the main body of the rot, giving it a very characteristic appearance. 
Thin, white mycelial felts are sometimes present. In the advanced stage of 
decay the wood becomes dry and friable with a tendency toward stringiness, 
remaining red or occasionally becoming light brown in color. Because the 
fungus that causes this decay enters the heartwood of the trunk mainly 
through dead branch stubs, several trees possessed more than one infection. 
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The 1020 trees with red heart decay were found to have an average of 18.7 ft. 
of their length so infected. Not one of the total of 78 plots on which trees 
were examined in all four projects was free from this decay. As a rule, 
between one-third and one-half of the trees were infected; occasionally, 
however, less than 10% of the trees contained red heart. The remaining 
25 cases of trunk rot consisted of 12 brown rots, 8 white stringy rots, and 
5 white pocket rots. 

From Table I it is evident that 1256, or 44.9%, of the trees sectioned were 
infected with white stringy butt rots. These decays varied in their incipient 
stages from a light to dark yellow discoloration, or even showed a brownish 
water-soaked appearance. This is usually followed by the formation of 
pockets in the spring wood, which often run together causing separation of 
the annual layers of growth. Finally, in advanced stages of decay the center 
of the bole is frequently hollow, and the surrounding wood is reduced to a 
damp, yellow-orange, stringy, loose mass of fibers. Rot of this type extended 
an average of 5.1 ft. above ground-level, although in individual trees it 
occasionally reached a height of about 20 ft. Such cases were exceptions, 
however, and less than one-tenth of the infections extended more than 10 ft. 
above ground level. The percentage of the trees in each of the 78 plots 
infected with this type of rot was fairly constant, except for 4 plots in project 
U located in a wet site in which only 5 out of the 103 trees examined were so 
infected. It should be pointed out that since practically all butt rots in 
balsam fir are believed to extend up from the roots, there undoubtedly were 


TABLE II 


FREQUENCY WITH WHICH THE VARIOUS COMBINATIONS OF DECAY 
TYPES WERE ENCOUNTERED IN BALSAM FIR 


Project Percentage 
Number of trees Total of trees 
U D N F examined 
Examined 1443 186 933 237 2799 _— 
With no decay 445 57 332 79 913 32.6 
With trunk rot only 204 12 128 29 373 13.3 
With white stringy butt rot only 372 62 150 50 634 a2.7 
With trunk and white Soo 162 15 201 19 397 14.2 
stringy butt rot joined 87 3 8 14 112 4.0 
With brown cubical butt rot only 57 15 28 Ff 107 3.8 
With white stringy and brown cubical butt rot 33 9 12 10 64 2.3 
With trunk and brown cubical butt rot 21 0 34 7 62 22 
With trunk, white stringy, and brown cubical 
butt rot 14 2 20 13 49 1.8 
With red butt rot only 15 4 12 5 36 1.3 
With trunk and red butt rot 33 7 8 4 52 1.8 
With decay, total 998 129 601 158 1886 67.4 
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many additional instances of such rots that remained undetected because 
they had not reached stump height at the time the trees were felled. This 
probably applies equally to all three types of butt rot. 

Brown cubical butt rots were encountered in 282, or 10.1%, of the 2799 
trees examined. In early stages of this decay the wood becomes yellowish to 
light buff in color, and somewhat softened. Later the wood becomes very 
dark brown and is broken up into small, irregular, roughly cubical blocks. 
White mycelial felts usually are found in the shrinkage cracks, and the cubes 
can be easily crushed to a powder between the fingers. The average extent 
above ground level of these rots was 3.7 ft. compared to 5.1 ft. for the white 
butt rots, and only 11 of the 282 infections attained a height of 10 ft. or more, 
the maximum being 14 ft. above ground level. These decays tended to occur 
only in certain plots or areas, so that 31 out of the 78 sample plots had no 
balsam fir trees with brown butt rot, whereas 75 out of the 282 infections 
encountered, or over 25%, were located on only four plots. 

Reddish butt rots were discovered in 88, or 3.1%, of the 2799 trees dissected. 
The characteristics of these decays are often similar to those of red heart. 
The extent of these rots above ground level could not be determined because 
a large porportion of them merged with red-heart trunk rot with no noticeable 
line of demarcation. It was estimated that in 49 of these infections the 
causal fungi had entered by means of basal trunk wounds, and in the remaining 
39 through the roots. 

Data on the frequency with which the various combinations of decay types 
occurred in individual trees are presented in Table II. The figures do not 
reveal a tendency for any two types of rot to be associated with one another 
either more or less frequently than would be expected from a normal, random 
distribution of the four rot types among the 2799 trees examined. 


Fungi Found Associated with Decay in Living Balsam Fir 


There was considerable variation between the different projects in the 
intensity and thoroughness with which isolations were made for the identifica- 
tion of the various types of decay. For example, only in project ‘N’ was an 
attempt made to obtain cultures from all trunk rot infections. In project 
‘U’ cultures were obtained from a relatively small number of the white stringy 
butt rots encountered, whereas in the other three projects the objective was 
to make isolations from all rots of this type. The brown cubical butt rots, 
then, represent the only major type of decay in which an attempt was made 
to make isolations from all infections encountered in all four projects. The 
following percentages represent the frequency with which infections of the 
various types of decay were identified: trunk rots 30.0%, white stringy 
butt rots 32.1%, brown cubical butt rots 47.2%, and red butt rots 37.5%. 
(Table III). 
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There are several reasons why it is practically impossible to obtain cultures 
for the identification of all the infections encountered in a decay study of this 
type. Many rots are so far advanced at the time the tree is dissected that 
no portion of the decayed wood is free from contaminants. Occasionally the 
rotted wood is dried to such an extent that the causal fungus is no longer 
viable. Even after obtaining a successful culture, contaminations may occur 
during the transferring that is sometimes necessary before the fungus can be 
identified. Finally, certain cultures must be listed as unknowns if no identical 
cultures obtained from known sporophores are available. Actually, very few 
of the cultures obtained in these studies belonged to this last category. 

It should be borne in mind, then, that certain organisms of minor importance 
may not have been revealed in this investigation; also that the proportions 
of infections shown for the various fungi may not exactly represent field 
conditions because certain species for some reason may be more readily 
cultured and identified than others. However, the results presented here 
are believed to represent fairly closely actual frequencies of occurrence of the 
various decay-causing fungi in balsam fir, at least in the regions studied. 

The frequency with which different fungi were found associated with trunk 
rot in the balsam fir trees examined is shown in Table IV. It is quite apparent 
that Stereum sanguinolentum (Basidiomycetes, Thelephoraceae) causes most 
of the decay of this type, a fact recognized since Faull and Mounce in 1924 (10) 
identified this fungus as the cause of red heart. 

Of the five trees with the characteristic pocket trunk rot caused by Fomes 
pini (Basidiomycetes, Polyporaceae), only four were positively identified as 
such by cultures. It is of interest to note that of the four identified infections, 
two occurred in Ontario and one each in Maine and New Brunswick, indicating 
that although found only occasionally in balsam fir, this decay may be fairly 


TABLE IV 


FREQUENCY WITH WHICH DIFFERENT FUNGI WERE ASSOCIATED 
WITH TRUNK ROTS IN BALSAM FIR 


Project Total Percentage 
of total 

Fungus number of 

infections 

U D N F identified identified 
Stereum sanguinolentum Alb. and Schw. 18 0 258 18 294 93.9 

ex Fries 
Fomes pini (Thore) Lloyd 2 0 1 1 4 1.3 
Corticium galactinum (Fries) Burt 0 0 4 0 4 1.3 
Fomes pinicola (Sw.) Cooke 0 0 3 1 4 1.3 
Stereum chailletii Pers. 0 0 2 1 3 1.0 
Trechispora raduloides (Karst.) Rog. 1 0 1 0 2 0.6 
Polyporus volvatus Peck 0 0 1 0 1 0.3 
Peniophora gigantea (Fries) Massee 0 0 1 0 1 0.3 
Total 21 0 271 21 313 — 
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evenly distributed throughout the range of the species in Eastern North 
America. This assumption is further supported by the fact that in McCallum’s 
investigation into balsam fir decays in Quebec (17), only one tree was found 
infected with this fungus. The infrequent occurrence of Fomes pini in balsam 
fir is in sharp contrast to its prevalence in most of the other coniferous species 
in Eastern North America. 


Two other fungi, Corticium galactinum (Fries) Burt (Basidiomycetes, 
Thelephoraceae) and Fomes pinicola (Basidiomycetes, Polyporaceae), were 
each associated with four trunk rot infections. The former was isolated from 
four samples of reddish trunk rots, and is previously unrecorded as the cause 
of decay in balsam fir of merchantable size. This fungus has recently been 
shown to be a fairly common butt rot in several tree species (27), and it is 
possible that these four trunk rot isolations were actually extensions of butt 
rot infections. Fomes pinicola was isolated from four brown cubical trunk 
rots. This fungus has been recorded as the cause of decay in balsam fir in 
most investigations made of the decays of this species. In the past as well 
as in the present studies, it seemed to be of much less importance as the cause 
of heart rot in living balsam fir than in the deterioration of dead trees. 

Three infections of red heart were identified as being caused by Stereum 
chailletit Pers. (Basidiomycetes, Thelephoraceae). This species was found to 
produce a reddish stain very similar to red heart in the sapwood of recently 
killed balsam fir trees. It is suspected that the fungus gained entrance to 
the trunk by way of obscure wounds that had resulted in the death of localized 
areas of the cambium. 

Trechispora raduloides (Karst.) Rog. (Basidiomycetes, Thelephoraceae) 
reported for the first time in association with trunk rot of balsam fir, was 
isolated from two red heart infections, one in Ontario and one in New Bruns- 
wick. This is of particular interest since this fungus was recently obtained 
in culture from trunk rot in alpine fir, Abies lasiocarpa (Hook.) Nutt. in the 
Prince George region of British Columbia.* 

Two other fungi, Peniophora gigantea (Fries) Massee (Basidiomycetes, 
Thelephoraceae) and Polyporus volvatus (Basidiomycetes, Polyporaceae) were 
associated with single red heart trunk rot infections. These fungi are as a 
rule regarded as the cause of a soft, yellowish sap rot and grayish sap rot, 
respectively, in dead trees other than balsam fir. It appears highly unlikely 
that they were the primary cause of the decays from which they were isolated 
in these instances. 

The frequency with which different fungi were associated with white 
stringy butt rots of balsam fir is recorded in Table V. A sharp contrast is 
presented here from the widespread belief that practically all white stringy 
butt rot of balsam fir is caused by Poria subacida (Basidiomycetes, Poly- 
poraceae). In all four projects this fungus was isolated from 45 decays of 
this type, amounting to only 11% of the total number of infections identified. 


* Foster, R. E. In litt., Dec. 11, 1951. 
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TABLE V 


FREQUENCY WITH WHICH DIFFERENT FUNGI WERE ASSOCIATED WITH 
WHITE STRINGY BUTT ROTS IN BALSAM FIR 


Project Total Percentage 
ae of total 

Fungus number of 

infections infections 

U D N F identified identified 
Corticium galactinum (Fries) Burt 78 21 84 36 219 54.1 
Odontia bicolor (Alb. and Schw. ex Fries) Bres. 33 13 16 8 70 17.3 
Poria subacida (Peck) Sacc. 16 10 14 5 45 11.1 
Armillaria mellea (Vahl ex Fries) Quél. 25 0 18 2 45 11.1 
Omphalia campanella Fries 3 0 5 9 17 4.2 
Stereum chailletii Pers. 1 0 3 0 4 1.0 
Polyporus abietinus Dicks. ex Fries 1 2 0 0 3 0.7 
Polyporus circinatus Fries 1 0 1 0 2 0.5 

Total 158* 46 141 60 405* -- 


* Includes two cases in which two organisms were identified from ‘single’ infections. 


The fungus encountered most frequently in association with white stringy 
butt rots in these investigations was Corticium galactinum (Basidiomycetes, 
Thelephoraceae). This fungus was first recorded in woody tissue of balsam 
fir in 1951 by White (27), who discovered it in the roots and basal parts of 
seedlings in northern Ontario. It accounted for approximately 54% of the 
identified infections of this type of decay, and was isolated from decay more 
frequently than any other fungus with the exception of S. sanguinolentum. 
Fritz has determined that the fungus concerned is the ‘‘Balsam rot, Type B, 
Fungus 2’’ which she isolated from 11 out of 25 white stringy butt rots in 
1923 (11).* C. galactinum has been known for some time as the cause of root 
rot in apple trees and certain other hardwoods. In recent years it has been 
found to be associated with considerable butt and root rot of many coniferous 
species, particularly in Canada. This is largely because of the recent identi- 
fication of C. galactinum in this association by Dr. Nobles. White (27) 
mentions that because of the similarity of the cultural characteristics of the 
two fungi, it is possible that some of the rot attributed to P. subacida in the 
past may have been caused by C. galactinum. He states, ‘‘Dr. Nobles reports, 
however, that in the light of her present knowledge confusion no longer 
exists’. 

Another fungus hitherto unreported in association with balsam fir decays, 
Odontia bicolor (Alb. and Schw. ex Fries) Bres. (Basidiomycetes, Hydnaceae), 
was identified from 70, or 17.3%, of the 405 white stringy butt rots for which 
causal organisms were determined. Fritz, on examining this fungus, found 
it to be the ‘‘Balsam rot, Type B, Fungus 3”’ which she isolated from 6 out 
of 25 white stringy butt rots in 1923 (11). This fungus has until recently 
been practically unknown as the cause of decay in the heartwood of living trees. 


* Fritz, C.W. In litt., April 23, 1951. 
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Two fungi, P. subacida and Armillaria mellea (Basidiomycetes, Agaricaceae), 
were each isolated from 45, or 11.1%, of the white stringy butt rot infections 
that could be identified. It is significant that P. subacida, until now deemed 
responsible for practically all white butt rot of balsam fir, was identified less 
frequently than either C. galactinum or O. bicolor in every one of the four 
projects. It seems probable that these two species were mistaken in culture 
for P. subacida in earlier investigations of balsam fir decays. Infections 
identified as having been caused by A. mellea very seldom extended more 
than 2 ft. above stump height (see Table X), so that even though this fungus 
accounted for the same number of infections as P. subacida, it was of much less 
economic importance. Both of these fungi are widely recognized as the cause 
of butt and root rot of conifers, and A. mellea is also reported as the cause of 
a similar disease in certain hardwood species. 

Omphalia campanella (Basidiomycetes, Agaricaceae) was isolated from 
17, or 4.2%, of the identified white stringy butt rots. This fungus is 
associated with various types of rot in different coniferous species in Western 
Canada. Evidence will be presented later indicating that it is probably not 
the primary cause of the rots with which it was associated in living trees. 


Stereum chailletii (Basidiomycetes, Thelephoraceae) and Polyporus abietinus 
(Basidiomycetes, Polyporaceae), isolated from four and three white stringy 
butt rots, respectively, are the two predominant fungi associated with the 
deterioration of dead balsam fir trees. It is quite probable that they were not 
responsible for the heart-rotted areas from which they were obtained. It is 
quite conceivable that portions of wood infected with these sap rots may have 
been mistakenly believed to be extensions of the butt rots and cultured as 
such. This is particularly true concerning the dead trees that were examined, 
although living trees with wounds and localized dead areas could also present 
the same problem. 


TABLE VI 


FREQUENCY WITH WHICH DIFFERENT FUNGI WERE ASSOCIATED WITH 
BROWN CUBICAL BUTT ROTS IN BALSAM FIR 


Project Total Percentage 
of total 

Fungus number of 

infections infections 

U D N F identified identified 
Coniophora puteana (Schum. ex Fries) Karst. 30 6 12 8 56 42.1 
Polyporus balsameus Peck 34 2 17 2 55 41.4 
Merulius himantioides Fries 6 2 4 5 17 12.8 
Fomes pinicola (Sw.) Cooke 0 0 1 1 2 
Polyporus schweinitsii Fries 1 0 0 0 1 0.7 
Polyporus guttulatus Peck 1 0 0 0 1 0.7 
Polyporus resinosus Schrad. ex Fries 1 0 0 0 1 0.7 

Total 73 10 34 16 133 
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Two white stringy butt rots were identified as Polyporus circinatus (Basidio- 
mycetes, Polyporaceae). This fungus is recognized as the cause of consider- 
able butt and root rot in spruce, but is apparently uncommon in balsam fir. 

Table VI lists the fungi found associated with brown cubical butt rots of 
balsam fir, and the frequency with which they were isolated. It is evident 
that approximately 85% of this type of decay was caused by two fungi, 
Coniophora puteana (Basidiomycetes, Thelephoraceae) and Polyporus bal- 
sameus (Basidiomycetes, Polyporaceae). These two species seem to occur in 
almost equal proportions, C. puteana having been isolated from 56, and 
P. balsameus from 55 infections.* Fritz has confirmed the fact that her 
“Balsam rot, Type A, Fungus 2”’ was, as she suspected, C. puteana (formerly 
C. cerebella).** P. balsameus, as the cause of heart rot in living trees, is 
practically confined to balsam fir, whereas C. puteana is becoming increasingly 
prominent as the cause of heart rot and sap rot in numerous North American 
coniferous hosts. Dr. Nobles and Mr. R. Davidson report that, although 
there is some variation in the cultural characteristics of the isolates listed as 
C. puteana, they feel it is safe to refer them all to this species. 

From Table VI it is seen that Merulius himantioides Fries (Basidiomycetes, 
Polyporaceae) accounted for 17, or 12.8%, of the brown cubical butt rots 
identified. Dr. Nobles and Mr. Davidson agree that the three species of 
Merulius, M. himantioides, M. americanus, and M. brassicaefolius, are not 
separable, and many of the Merulius spp. recently identified from brown 
cubical heartwood rots of certain other coniferous trees may be this fungus. 
The possibility that it is secondary in balsam fir will be discussed in a later 
section of this paper. 

The two infections caused by Fomes pinicola (Basidiomycetes, Polyporaceae) 
and Polyporus schweinitzii (Basidiomycetes, Polyporaceae) emphasize the 
extent to which the importance of these two fungi in balsam fir was exaggerated 
during the first two decades of this century. The single isolations from brown 
cubical butt rots of Polyporus guttulatus Peck (Basidiomycetes, Polyporaceae) 
and Polyporus resinosus Schrad. ex Fries (Basidiomycetes, Polyporaceae) are 
interesting in that these two fungi have only rarely been found associated 
with decay in living conifers in North America. 

The frequency with which different fungi were associated with red butt rots in 
balsam fir is presented in Table VII. Fifteen of the fungi connected with the 33 
identified decays were judged to have entered the trunk through basal wounds 
or branch stubs. Thirteen of these were identified as S. sanguinolentum 
(Basidiomycetes, Thelephoraceae) and one each as S. chailletii (Basidio- 
mycetes, Thelephoraceae) and P. volvatus (Basidiomycetes, Polyporaceae). 
The remaining 18 infections were caused by fungi that were assumed to have 

* The investigation of balsam fir decays in New Brunswick was continued in another region 
in 1951, the cultural identifications of which were received after this contribution was in press. 


The various fungi were obtained with approximately the same frequency as presented in this report, 
except that 27 isolations of C. puteana were obtained compared to only 9 of P. balsameus. 


** Fritz, C.W. In litt., Jan. 20, 1951. 
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TABLE VII 


VOL. 31 


FREQUENCY WITH WHICH DIFFERENT FUNGI WERE ASSOCIATED WITH 
RED BUTT ROTS IN BALSAM FIR 


Percentage 
Project Probably of total 
entered number of 
Fungus entered |. number of 
via basal infections | . 
seat via roots identified infections 
U D N F identified 
Stereum sanguinolentum Alb. and 
Schw. ex Fries 5 1 8 4 13 5 18 54.6 
Corticium galactinum (Fries) Burt 5 2 2 2 0 11 11 33.3 
Odontia bicolor (Alb. and Schw. 
ex Fries) Bres. 2 0 0 0 0 2 2 6.1 
Stereum chailletii Pers. 0 1 0 0 1 0 1 3.0 
Polyporus volvctus Peck 0 1 0 0 1 0 1 3.0 
Total 12 5 10 6 25 18 33 


entered through the roots; 11 of these were identified as C. galactinum (Basidio- 
mycetes, Thelephoraceae), 5 as S. sanguinolentum (Basidiomycetes, Thele- 


phoraceae), and 2 as O. bicolor (Basidiomycetes, Hydnaceae). 


These fungi 


were believed to have entered by way of the roots when the rot column showed 
a constantly diminishing diameter with increasing distance above stump 
height, and no obvious entry point such as a basal wound or branch stub was 


TABLE VIII 


FREQUENCY WITH WHICH DIFFERENT FUNGI WERE ISOLATED FROM BUTT ROTS IN BALSAM FIR 


Number Percentage 
Fungus Type of butt rot of times of identified 
identified butt rots 
Corticium galactinum White stringy, occ. reddish 230 40.3 
Odontia bicolor White stringy, occ. reddish 72 12.6 
Contophora puteana Brown cubical 56 9.8 
Polyporus balsameus Brown cubical 55 9.6 
Poria subacida White stringy 45 7.9 
Armillaria mellea White stringy 45 7.9 
Stereum sanguinolentum Reddish 18 3.1 
Merulius himantioides Brown cubical 17 3.0 
Om phalia campanella White stringy 17 3.0 
Stereum chailletiit White stringy, often reddish S 0.9 
Polyporus abietinus White stringy 3 0.5 
Fomes pinicola Brown cubical 2 0.3 
Polyporus circinatus White stringy 2 0.3 
Polyporus schweinitsti Brown cubical 1 0.2 
Polyporus guttulatus Brown cubical 1 0.2 
Polyporus resinosus Brown cubical 1 0.2 
Polyporus volvatus Reddish (?) 1 0.2 
Total 
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observed. It seems likely, however, that in the case of the five decays thus 
classified as caused by S. sanguinolentum the fungus had entered through some 
trunk wound at stump height that had become obscured. This species, 
although recognized since 1924 as the cause of decay in living trees, is not 
regarded as the cause of a root or butt rot and has never been recorded as 
such. From the foregoing it is evident that, as mentioned previously, this 
small group of rots is composed entirely of red trunk rots that extend down 
to ground level, and white butt rots with a marked reddish color. 

Table VIII shows the frequency with which the 17 fungi found associated 
with butt rot of balsam fir were isolated. In connection with this table it 
should be remembered that 47.2% of all brown butt rots were identified 
compared to 32.1% of the white butt rots. To obtain a true picture of the 
relative frequencies of these fungi as butt rots of balsam fir, the figures 
presented for the brown rots should therefore be reduced by about one-third. 

The frequency with which the 20 fungi isolated from decayed heartwood in 
living balsam fir were obtained is presented in Table IX, along with the type 
of decay associated with each fungus. 


TABLE IX 


FREQUENCY WITH WHICH DIFFERENT FUNGI WERE ISOLATED FROM 
DECAYED HEARTWOOD OF BALSAM FIR 


Number Percentage 
Fungus oor of times of total 
Stereum sanguinolentum A, D 312 35.3 
Corticitum galactinum A 234 26.5 
Odontia bicolor B, D 72 8.2 
Coniophora puteana C 56 6.3 
Polyporus balsameus Bs 55 6.2 
Porta subacida B 45 | 
Armillaria mellea B 45 5.1 
Omphalia campanella B 17 1.9 
Merulius himantioides 17 1.9 
Stereum chailletii B, A, D 8 0.9 
Fomes pinicola E,. 6 0.7 
Fomes pint F 0.5 
Polyporus abietinus B 3 0.4 
Polyporus circinatus B 2 0.2 
Trechispora raduloides A 2 0.2 
Polyporus volvatus A, D (?) 2 0.2 
Polyporus schweinitzti Cc 1 0.1 
Polyporus guttulatus C 1 0.1 
Polyporus resinosus & 1 0.1 
Peniophora gigantea A (?) 1 0.1 
Total 884* 


* Includes two cases in which two fungi were identified from ‘single’ infections. 


** A, red heart rot; B, white stringy butt rot; C, brown cubical butt rot; D, red butt rot; 
E, brown cubical heart rot; F, white pocket heart rot. 
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The Apparent Effect of Site on the Decay of Living Balsam Fir 


In 1940 Heimburger and McCallum reported that butt rots were more 
prevalent in balsam fir in Quebec on ‘mixedwood slopes’ than on ‘softwood 
flats’ (14). Using similar site classifications, the sample plots of the four 
projects upon which this report is based were divided into two groups. Several 
plots were discarded because they were too close to the border line or both sites 
were represented in the same plot. Thus 31 plots located on slopes with 
fairly good drainage, and with a relatively high proportion of hardwood 
species in the stand compositions, were placed in the ‘mixedwood slope’ 
category, and 22 plots located on level ground with poor drainage, and with few 
or no hardwoods in the stand composition, were classified as ‘softwood flats’. 

The frequency with which the different types of decay occurred in balsam 
fir in the two groups of plots is shown in Table X. It is evident that the 
findings of Heimburger and McCallum are confirmed by these data, in that 
68-4% of the trees examined on plots that could definitely be classified as 
‘mixedwood slopes’ had butt rot compared to 45.3% of the trees examined on 
‘softwood flats’. Although trunk rot was slightly more prevalent in trees on 
‘softwood flats’, 64.4% of these trees had some kind of decay compared to 
71.7% of those growing on ‘mixedwood slopes’. 

Regarding the three different kinds of butt rot, the most striking variation 
of occurrence on the two sites was exhibited by brown cubical butt rot. 
Whereas 15.2% of the ‘mixedwood slope’ trees were infected with this type 
of rot, only 2.7% of those growing on ‘softwood flats’ were so infected. It is 
also evident from Table X that a higher proportion of the trees examined on 
‘mixedwood slopes’ had white stringy butt rots than those on ‘softwood flats’, 
although the few red butt rots were more common on ‘softwood flats’. 


TABLE X 


FREQUENCY OF OCCURRENCE OF THE VARIOUS TYPES OF ROT IN 
BALSAM FIR ON TWO DIFFERENT SITES 


Mixedwood slopes Softwood flats 

Number Percentage Number Percentage 

of trees of trees of trees of trees 
Trees examined 1004 901 
Trees with decay 720 4 580 64.4 
Trees with trunk rot 364 36.4 371 41.2 
Trees with butt rot 687 68.4 409 45.3 
Trees with white butt rot 519 ej 360 39.9 
Trees with brown butt rot 153 15.2 24 re | 
Trees with red butt rot 15 
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Certain of the fungi causing butt rots displayed definite preferences for 
one or the other site, even when the variation in the occurrence of the different 
types of rot in the two sites was taken into consideration. The most striking 
case was that of M. himantioides. Although brown butt rots were mostly 
confined to ‘mixedwood slopes’, none of the 73 infections of this type of rot 
on this site from which the causal organism was isolated yielded M. himan- 
tioides. In contrast, 6 of the 10 identifications obtained for the cause of 
brown butt rots in trees growing on ‘softwood flats’ were this fungus. Among 
the white butt rot fungi, P. subacida occurred more often on ‘mixedwood 
slopes’, with 26 identifications obtained from trees on this site compared to 
only 3 from ‘softwood flats’. On the other hand, decay caused by A. mellea 
was encountered with far greater regularity on ‘softwood flats’ than on 
‘mixedwood slopes’. 


Mode of Occurrence of the Nine Predominant Heart-rot Fungi 


The nine principal heart-rot fungi of balsam fir, based on the results of 
these investigations and listed in Table IX, are: Stereum sanguinolentum, the 
cause of practically all trunk rot in this species; Corticium galactinum, Odontia 
bicolor, Poria subacida, Armillaria mellea, and Omphalia campanella, associated 
with most of the white butt rots; and Coniophora puteana, Polyporus bal- 
sameus, and Merulius himantioides accounting for most of the brown butt rots. 

It has already been pointed out that the trunk-rotting fungus Stereum 
sanguinolentum caused the decay of between 18 and 19 ft., on the average, of 
the length of each infected tree. Its principal avenue of entrance is through 
branch stubs, and there may be a number of infections in a single tree. These 
infections ranged from a trace of red stain in the central core to the decay of 
the entire heartwood. The statement made by McCallum in 1928, that, 
aisle red heart rot is undoubtedly the most serious disease affecting balsam 
fir’ was undeniably correct. Despite the fact that these and most other 
investigations reveal a slightly higher number of balsam fir trees infected 
with butt rot than trunk rot, all studies report that trunk rot (caused by 
S. sanguinolentum) is responsible for the culling of two or three times the 
volume of wood culled because of butt rots. 

The average size and age of trees infected with each of the eight principal 
butt rot fungi, as well as the average extent above ground level of the infections 
produced by each, are shown in Table XI. No significant difference was 
found concerning the average diameter and age of trees showing white stringy 
butt rots as compared to trees having brown cubical butt rots. As mentioned 
earlier, white butt rots extended an average of 5.1 ft. above ground level, 
compared to 3.7 for the brown butt rots encountered. 

Table XI shows that Omphalia campanella, one of the five principal fungi 
associated with white butt rots, in all four projects had a pronounced tendency 
to occur in trees of older age classes than the remaining four fungi. The 
average ages of trees infected with C. galactinum, O. bicolor, P. subacida, and 
A. mellea ranged from 85 to 95 years, which embraces the average age of all 
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the balsam fir trees examined, whereas the average age of 120 years for trees 
infected with O. campanella represents decidedly overmature trees. This 
fact supports the postulation made by forest pathologists in Western Canada 
that this fungus is not the primary cause of decay in living conifers, but 
merely follows other decay-causing fungi and established itself in the resultant 
rot. Thus, in certain western conifers O. campanella has been isolated from 
both brown and white rots, and Mr. G. W. Wallis of the Laboratory of Forest 
Pathology, Victoria, B.C., has found in preliminary experiments that this 
fungus when inoculated on sound blocks of wood grew well over the surface, 
but did not decay the wood itself. Further investigations are required to 
determine whether it is capable of initiating rot after outgrowing the fungus 
that has caused the primary decay. 


Table XI shows clearly that white butt infections caused by A. mellea on 
the average resulted in much less extensive decays than those caused by the 
remaining four fungi, averaging 2.4 ft. above ground level compared to over 
4 ft. for the decays caused by the latter. Infections attributable to C. galac- 
tinum apparently have a slight tendency to extend somewhat higher than 
those caused by the other fungi. 


There was very little difference between the average age and diameter of 
trees infected with brown cubical butt rot caused either by Coniophora puteana 
or by Polyporus balsameus. There was, however, a pronounced difference in 
the average extent of the two decays, those caused by P. balsameus extending 
4.7 ft. above ground level on the average compared to 2.9 ft. for those from 
which C. puteana was isolated. Table XI also shows that of the trees with 
brown butt rots, those from which Merulius himantioides was isolated were 
inclined to be somewhat older and of a larger diameter than those with 
P. balsameus or C. puteana decay. The differences in this case are not as 
striking nor as constant as those between trees with O. campanella and the 
other white butt rot fungi. However, it is felt that the possibility of M. 
himantioides being a secondary organism in connection with brown butt rot 
of balsam fir should not be ruled out entirely. 


An investigation was made of the possibility that certain of these wood- 
destroying fungi occur in association with other types of rot either more or 
less frequently than would be expected if a normal, random distribution of 
rot types and fungi existed. Concerning the two species suspected of playing 
secondary roles in the decay of living balsam fir, O. campanella and M. himan- 
tioides, the trees from which these were isolated showed a significantly higher 
proportion having mixed white and brown butt rots than the trees in which 
the ‘primary’ butt rot fungi occurred. Thus, 35.3% of the trees with white 
butt rots from which O. campanella was identified also had brown butt rots, 
compared to 9.2, 7.1, 6.7, and 4.4% of the trees from which C. galactinum, 
O. bicolor, P. subacida, and A. mellea were isolated, respectively; and 53.0% 
of the trees with brown butt rots from which M. himantioides was identified 
also had white butt rots, compared to 32.7% and 23.2% respectively of those 
in which butt rot caused by P. balsameus and C. puteana occurred. 
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Certain of the butt-rot fungi were observed to occur much more frequently 
in some plots than in others. In project ‘N’ in which trees on 42 plots were 
examined, four isolations of M. himantioides were made from brown butt rots, 
and all four were encountered in one plot. In the same project, 14 infections 
caused by P. subacida were recorded, 10 of which occurred in a single plot. 
A similar grouping, although somewhat less pronounced, was observed with 
isolations of A. mellea. Instances in which several identifications were made 
of brown butt rots in individual plots showed that either C. puteana or 
P. balsameus was predominant, e.g. in one plot 11 out of 14 such identifications 
were C. puteana; in another 10 out of 14 were C. puteana; and in another 
17 out of 20 were P. balsameus. 

These results concerning the tendency for the butt- and root-rot fungi to 
vary in frequency of occurrence in different areas, which in turn may be due 
to the effect of site on these organisms, would seem to support the suggestion 
that the physical, chemical, and physiological characteristics of the soil may 
be important in determining which of these fungi are capable of existing 
therein and of entering and decaying the roots and butts of trees. 


Cultural Characteristics of the Nine Predominant Heart-rot Fungi 


Detailed and complete descriptions of the cultural characteristics of 
Stereum sanguinolentum, Poria subacida, Armillaria mellea, Omphalia cam- 
panella, Coniophora puteana, and Polyporus balsameus may be obtained from 
the treatise on the identification of cultures of wood-rotting fungi published 
by Nobles in 1948 (19). A recent report on Corticium galactinum by White 
(27) includes a thorough description of the cultural characteristics of this 
fungus. A description of the cultural characteristics of Odontia bicolor has 
not been reported since that made by Fritz in 1923 in describing her ‘‘Balsam 
rot, Type B, Fungus 3’. The cultural characteristics of Merulius americanus 
(M. himantioides) are described by Davidson and Lombard (5). 


Macroscopic Characteristics of the Butt Rots 


It is the firm belief of the writers that isolations must be made from all 
white stringy and brown cubical rots encountered in balsam fir in order to 
obtain reasonably accurate determinations of the identity and frequency of 
occurrence of the fungi involved. Although numerous detailed observations 
of white stringy butt decays showed that those associated with each of the 
four predominant fungi tend to have certain characteristics in common, the 
overlapping of these features prevented a positive identification in the absence 
of a cultural determination. For this reason it was felt that any notes on the 
macroscopic characteristics would serve no useful purpose, and they have 
been omitted. 
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Fungi Associated with the Deterioration of Dead Balsam Fir 


The two investigations carried out on the deterioration of balsam fir killed 
by the spruce budworm in Ontario provided considerable information on the 
amount and types of sapwood discolorations and sap rot present at various 
intervals of time following the death of these trees. Since both studies were 
primarily concerned with the deterioration of these trees, rather than with the 
heart rot present in them before death, a fairly complete knowledge was 
obtained of the progressive occurrence of sap-rotting fungi and the type of 
stains or rots they cause in this species. 

As a rule, trees dead for a period of less than one year showed only a reddish 
stain in most of the sapwood with little or no loss of firmness. By cultural 
methods the causal fungus of this stain was identified as Stereum chailletii. 
In the majority of trees examined that had been dead for longer than one 
year, this discoloration was replaced by the typical white stringy or ‘pitted 
sap rot’ caused by Polyporus abietinus. This rot was observed to progress 
farther into the heartwood with each succeeding year following death. Over 
90% of the sap rot of these trees could be ascribed to the action of this fungus, 
the remainder consisting of patches of brown cubical sap rot from which the 
fungi Fomes pinicola, Coniophora puteana, and Lenzites saepiaria were isolated 
in that order of frequency. Furthermore, heart rots caused by Stereum 
sanguinolentum and Corticium galactinum were occasionally observed to have 
invaded the sapwood following the death of trees, and it is possible that other 
heart-rotting fungi may from time to time contribute to the amount of 
deterioration in this way. 

Tests carried out in which sterilized blocks of balsam fir sapwood were 
inoculated with S. chailletii and P. abietinus have shown that the latter can 
cause advanced ‘pitted saprot’ without the necessity of being preceded in the 
wood by S. chailletii. The blocks inoculated with S. chailletii at present possess 
the typical red stain, but it remains to be seen whether any advanced decay 
of the sapwood will result from the action of this fungus. 


Summary and Conclusions 


The principal objective of this paper has been to present evidence indicating 
that certain revisions are necessary in the concept of the identity of the fungi 
associated with the decay of balsam fir in Eastern North America. This 
evidence confirms the previously recognized fact that Stereum sanguinolentum 
causes practically all the trunk rot in this species. The white butt rots, 
hitherto believed to result from the action of Poria subacida and occasionally 
Armillaria meilea, are shown for the areas studied, to be caused by Corticium 
galactinum, Odontia bicolor, P. subacida, A. mellea, and Omphalia campanella 
in that order of importance; and the brown cubical butt rots previously all 
ascribed to Polyporus balsameus are shown to be caused by the action of 
Coniophora puteana and P. balsameus in roughly equal proportions, and by 
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Merulius himantioides. The possibility that O. campanella and M. himan- 
tioides are secondary in the decay of living balsam fir is discussed. A fourth 
type of rot, red butt rot, is recognized in this study. The relatively few 
decays that were placed in this category were as a rule caused by either 
S. sanguinolentum or C. galactinum. 

Nobles (19) has pointed out that a peculiar difficulty in attempting to 
identify fungi in culture is that they possess no characteristics by which they 
may be assigned to genera or families. Although a large percentage of the 
cultures in most investigations can be identified, there are usually a few that 
must remain as unknowns until cultures showing similar characters are 
obtained from their sporophores. Nobles remarks that, ‘..... the steadily 
growing accumulation of unidentified cultures from rots, stresses the necessity 
for continuous research’. Thus, new fungi are constantly being found to be 
associated with heart-rot in living trees, and undoubtedly such discoveries 
will continue to be made for some time. 

There are several reasons why cultural determinations of the causes of 
decays cannot be regarded as abolute proof that the fungi obtained were 
responsible for the entire decay from which each was isolated. Generally, 
two isolations were made from each rot, but these could be made only in 
specific regions where the wood remained fairly firm and was in an incipient 
to intermediate stage of decay. In the case of butt rots these conditions 
usually occurred at the apex of the infection or along the exterior margins of 
the rot. Cultural identifications, then, reveal the presence of certain fungi 
at these loci at the time the trees are sectioned, and, although it would seem 
fairly safe to assume that the decay resulted entirely from the action of these 
fungi, the possibility still exists that other fungi may have played some part 
in the destruction of the wood. There are numerous examples in the field of 
plant pathology of metabiotic series in which one organism replaces another 
in an expanding symptomological picture. The possibility that two or more 
fungi may be associated with a single heartwood decay is strengthened by 
the fact that in a few cases in this study each of the two isolations made of, 
for example, a single white stringy butt rot, were identified as different species. 
If multiple infections do exist, they would account for the similarity of the 
macroscopic characteristics of brown cubical butt rots and the overlapping 
of those of the white stringy butt rots from which different fungi were isolated. 
Furthermore, evidence has been presented indicating that Omphalia cam- 
panella and Merulius himantioides may play merely secondary roles in the 
white stringy and brown cubical butt rots, respectively, with which they 
were associated. 


It would appear, then, that one cannot be absolutely certain that the fungus 
isolated from the margin of a decay infection has caused all of the decay in 
question, or whether it has merely followed another fungus and established itself 
in the rotted wood. There is also the possibility that two or more fungi may 
act simultaneously, playing approximately equal roles in the destruction of 
the wood. It is worth noting, however, that the various fungi isolated in this 
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study by different workers using different methods, in three widely separated 
areas of Eastern North America, occurred in roughly similar proportions. 
Taking this into consideration, it seems logical to assume that the aggregate 
frequency with which each fungus was isolated represents fairly closely the 
relative importance of that species in causing the particular type of decay 
with which it was associated. 
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PLATE l 


‘Red heart’ trunk rot associated with Stereum sanguinolentum Alb. and Schw. ex Fries. 

Fic. 1. ‘Transverse sections of two balsam fir logs, the one on the right showing the 
characteristic rays extending out from the main body of the rot. Fic. 2. Resupinate 
fruiting bodies on the trunk of a dead balsam fir. These are thin, leathery, and crustlike 
with grayish fruiting surfaces. Fresh specimens redden or ‘bleed’? when wounded. 
Fic. 3. Longitudinal section of balsam fir log. The swelling on the side of the section 
indicates the position of the dead branch stub by which the fungus entered the heartwood. 
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PLATE I] 


White stringy butt rot associated with Corticium galactinum (Fries) Burt. 


Fic. 4. Resupinate fruiting body on dead balsam fir wood. ‘The white to cream- 
yellow fructifications are often quite extensive, forming smooth, soft, waxy coatings over 
the substratum. Fic. 5. Longitudinal section of balsam fir bolt 1 to 3 ft. above ground 
level showing very advanced decay. F1G.6. Transverse section of balsam fir bolt at 
stump height showing advanced decay. The sap rot was caused by a different fungus. 
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PLatTe III 


White stringy butt rot associated with Odontia bicolor (Alb. and Schw. ex Fries) Bres. 

Fic. 7. Fruiting body on balsam fir slash. These fructifications are thin, soft, white 
to bulf in color, and closely attached to the substratum. The surface, which tends to 
shrink and crack with age, is covered with short, fragile, regular, evenly-distributed teeth. 
Fic. 8. Longitudinal section of balsam fir bolt with both advanced and incipient decay. 
Fic. 9. ‘Transverse section of balsam fir bolt showing the incipient stage of the decay 
with patches of advanced rot. 
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PLATE IV 


White stringy butt rot associated with Porta subacida (Peck) Sacc. 
Fic. 10. Fruiting body on bark of dead balsam fir. These are crustlike, cream to 
yellow or buff in color with whitish margins and with small, regular pores on the surface. 
Fic. 11. Longitudinal section of balsam fir bolt with both advanced and incipient decay. 


Fic. 12. ‘Transverse section of balsam tir bolt showing typical ‘off center’ nature of the 
decay. 


a 
4 
4 
3 


PLATE V 


White stringy butt rot associated with Armillaria mellea (Vahl ex Fries) Quél. 

Fic. 13. Clump of fruiting bodies. These mushrooms are from 2 to 10 in. in height, 
honey-yvellow or brownish in color, with broad caps and white adnate gills. Fic. 14. 
Longitudinal section of balsam fir bolt showing advanced decay. Fic. 15. ‘Transverse 
section of balsam fir bolt showing advanced decay slightly ‘off center’. 


PLATE VI 


White stringy butt rot associated with Omphalia campanella Fries. 

Fic. 16. Cluster of fruiting bodies on dead, rotten, balsam fir wood. ‘These fructi- 
fications are umbilicate, stipitate, orange-yellow or reddish, and have decurrent gills. 
(Photograph taken by Mr. J. B. McCurry, Division of Botany and Plant Pathology, 
Ottawa, Ont.) Fic. 17. Longitudinal section of balsam fir bolt showing advanced, 
stringy nature of decay. FiG.18. Transverse section of balsam fir bolt showing the 
laminate character of the decay. 
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PLATE VII 


Brown cubical butt rot associated with Contophora puteana (Schum. ex Fries) Karst. 

Fic. 19. Fruiting bodies on dead balsam fir wood. ‘The fructifications are fleshy when 
fresh, closely attached to the substratum and their smooth or slightly undulating surfaces 
are olive to brown in color with pale margins. Fic. 20. Longitudinal and transverse 
sections of balsam fir bolt infected with advanced decay. 
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PLATE VIII 


Brown cubical butt rot associated with Polyporus balsameus Peck. 

Fic. 21. Fruiting bodies growing on decayed balsam tir wood. These are usually in 
clusters, fleshy, tough when fresh, shelflike, upper surfaces white to pale brown with faint 
concentric zones, lower surfaces white, porous. Fic. 22. Longitudinal section of balsam 

‘ lir bolt showing advanced decay. Fic. 23. Transverse section of balsam fir bolt showing 
advanced decay and fruiting bodies. 
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PLATE 1X 


Brown cubical butt rot associated with Merulius sp. 
Fic. 24. Transverse section of balsam fir at stump height showing basal wound through 
which the fungus may have entered the heartwood. Fic. 25. Longitudinal section of 
balsam fir bolt showing advanced decay. 
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Prate X 


Sap rots associated with the deterioration of dead balsam tir. | 

Fic. 26. ‘Tangential section of the sapwood of a dead balsam fir with advanced decay 
caused by Polyporus abietinus (Dicks.) ex Fries showing the lens-shaped pits. Fic. 27. 
Transverse section of balsam fir bolt, examined three to four years after the death of the 
tree. The advanced P. abietinus sap rot has begun to penetrate the heartwood, Fic. 28. 
Transverse section of balsam fir bolt examined less than one year after the death of the 
tree, showing the dark yellow discoloration of the sapwood caused by Stereum chailletii 
Pers. Fic. 29. Transverse section of balsam fir bolt examined two to three years after 
the death of the tree, showing brown cubical sap rot caused by Fomes pinicola (Sw.) Cooke. 
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